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ABSTRACT
The Effects of Prolonged Spaceflight on Human Body Composition
An investigation has been conducted into the changes in body 
composition which occur during manned spaceflight. The subjects for 
the investigation were the 9 astronauts taking part in the Skylab 
programme (1973~A),
The principal experimental technique was the preflight and postflight 
biostereometric analysis of body form, in which total and regional body 
volumes were measured from a coordinate description of the body, derived 
from stereoscopic photographs. Data were also obtained from other Skylab 
experiments, including mineral balance, bioassay of body fluids, bone mineral 
measurement and inflight body mass determination.
After their spaceflights, the subjects were found to have lost water, 
fat, muscle and bone mineral. An estimated loss of 1,2 - 1.4 kg of water 
occured within the first 1-2 days in orbit, in response to a redistribution 
of body fluid in the absence of gravity. Loss of body fat, usually between 
one and two kilograms, was observed in at least 7 of the subjects, and was 
probably caused by an inadequate caloric intake. Most of the astronauts 
showed a loss of muscle tissue from the legs, usually of less than one 
kilogram, and apparently due to muscle atrophy, from the relative lack of 
exercise inflight. A progressive loss of bone mineral was observed, up 
to Ifo of the body total being lost in 3 months, although local losses of 
up to 8^ were observed in the os calcis of 3 subjects.
The significance of the changes observed is discussed. Except for 
the loss of bone mineral, all of the changes in body composition appeared 
to be either self limiting, or preventable by diet or exercise. The loss 
of bone mineral appears to be continuous, however, and without counter­
measures it limits the duration of safe exposure to weightlessness to about 
9 months.
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CHAPTER 1 
INTRODUCTION
Man has been interested in the composition of his o^m body since 
ancient times, and the subject has been studied scientifically since about 
the 1860*s, By the middle of the 20th Century a number of techniques had 
been developed for the investigation of body composition, and the 
composition of the * normal* body was largely understood. With the advent 
of manned spaceflight, human beings became exposed to an entirely new 
environment - that of weightlessness - which apparently was able to cause 
a change in body composition, returning astronauts almost invariably 
weighing less than they did at the time of launch. The mean weight loss 
for 54 subjects was 2.77 kg (data from Berry, 1973b and Popov, 1973).
This thesis is mainly concerned with interpreting this weight loss in terms 
of changes in body composition, as observed in the 9 astronauts who took 
part in the Skylab programme of spaceflights. The author believes it 
essential to understand fully the changes in body composition resulting 
from weightlessness, before any manned spaceflights of more than a few months 
duration are undertaken.
1.1. Historical Review
Hippocrates, living in the 4th Century BC, has been credited with the 
first quantitative consideration of body composition (Keys and Brozek, 1953)? 
the state of health being ascribed to the correct balance between four 
(humours* - blood, phlegm, yellow bile (choler), and black bile (melancholy). 
This doctrine followed directly from that of Empedocles, a century earlier, 
in which all matter was considered to be made up of different combinations 
of four * elements* - earth, air, fire and water (Guthrie, 1975). There 
are also parallels with the doctrines of China and India, from which the 
Greek theory may have been derived. Both the Chinese and the Hindus had 
religions restrictions on dissection, however, and it vras left to the 
Greeks, and to Aristotle in particular, to lay the foundations of anatomy 
(Under^mod, 1975). Galen, who was Greek by birth, but worked in Rome during 
the 2nd century AD, advanced the study of anatomy, but did little to further 
the study of body composition, as he accepted the humoral theory. Little 
progress was then made until the Renaissance, when dissection again began 
to be practised, and the foundations of modern analomy were laid, culminating 
in the publication in 1543 of Vesalius* *De humani corporis fabrica* (Guthrie,
... - ■ 2.
1975).
According to Keys and Brozek (1953)> the first scientific 
measurements of the gross composition of the human body were performed by 
German anatomists during the second half of the 19th century. They quote 
analyses by Moleschott (1859)? Bischoff (I863) and Volkmann (l8?4). No 
results are given by Keys and Brozek, however, and the original papers are 
not available in Britain, Keys and Brozek were able to find only 5 
chemical analyses of cadavers which they regarded as acceptable by present 
day standards. These are reproduced in Table 2-1, and their significance 
is discussed in Chapter 2. According to Keys and Brozek, the reason why 
so few analyses have been performed is that the supply of cadavers is 
limited, and the analysis laborious, when applied to such large amounts of 
tissue. In addition, as they point out, the data obtained from cadaver 
analysis may well not be strictly applicable to the living.
More recent studies of body composition have concentrated on indirect 
methods, which may be used in the living, and a review of current 
techniques is given in Chapter 2.
1.2 The Skylab Programme
Skylab was the world* s first space station. It was one of several 
proposals designed to make use of vehicles and launch facilities developed 
for the Apollo programme. The spacecraft consisted of four main parts - 
Orbital Workshop, Airlock Module, Multiple Docking Adaptor and Apollo 
Telescope Mount. The Orbital Workshop was a converted Saturn TVb rocket 
stage, the engine of which had been removed, the hydrogen tank being used 
as a living and working area, and the oxygen tank as a receptacle for 
rubbish. The Orbital Workshop was 14.8 m long and 6.6 m in diameter, with 
the contained volume of a small house, and the Skylab * cluster* was 25.6 m 
long, a further 10.4 m being added when the Apollo command and service 
modules were docked with it (Holder and Siuru, 1974).
The Skylab programme involved four rocket launches, detailed in Table 
1-1. Unfortunately, the National Aeronautics and Space Administration 
(NASA) decided to use the designation SL-1 for the unmanned launch of 
Skylab itself, aboard a Saturn V rocket, the three manned flights, aboard 
smaller Saturn Ib rockets, being known as SL-2, SL-3 and SL-4. This has 
led to considerable confusion, because the press, and the crews themselves, 
referred to the three manned flights as Skylab 1, 2 and 3. Prior to the 
Skylab Life Sciences Symposium it was decided that the terms Skylab 1, 
Skylab 2, etc. were too confusing, and should not be used. This thesis
3.
Flight Crewmen Launch Recovery Duration
SL-1 Unmanned 14 May 73 
17.30 GMT
Still in 
Orbit
n/a
SL-2 CDR Conrad 
SPT Ker^fin 
PLT Weitz
25 May 73 
13.00 GMT
22 Jun 73 
13.50 GMT
28d Oh 50m
SL-3 CDR Bean 
SPT Garriott 
PLT Lousma
28 Jul 73 
11.10 GMT
25 Sep 73 
22.20 GMT
59d llh 10m
SL-4 CDR Carr 
SPT Gibson 
PLT Pogue
16 Nov 73 
14.00 GMT
8 Feb 74 
15.17 GMT
84d Ih 17m
CDR = Commander; SPT = Scientist Pilot; PLT = Pilot.
Table 1-1: The Skylab Programme of Spaceflights
will follow the recommendations made at that time, and refer to *SL-2,
SL-3 or SL-4*, as defined in Table 1-1.
Each three-man crew was carried into orbit aboard an Apollo command 
module, which docked with Skylab. The crewmen lived and worked in the 
space station for the duration of their flight, returning to an ocean 
splashdown in the command module. Slrylab was placed in a nearly circular 
orbit at an altitude of 435 km, inclined at an angle of 50° to the equator, 
so that it crossed all the surface of the earth between 50°N and 50°S, on 
a ground track which repeated itself every 5 days. The consumables aboard 
Skylab were exhausted by the end of the third manned mission, so that 
further occupation is impractical, but the spacecraft is expected to remain 
in orbit until sometime in 1979* In the course of the programme, various 
changes were made to the original flight plan, for instance conducting 
extensive repairs, following damage to the spacecraft on launch, and 
extending the SL-3 mission from 56 days to 59, and the SL-4 mission from 
56 days to 84.
1.3 Skylab Experiments
The Skylab crewmen performed experiments in six main scientific fields:
1) Life sciences
2) Earth observations
3) Solar physics
4) Astrophysics
" 4.
5) Materials sciences
6) Engineering and technology
The Life sciences experiments were divided into six fields of study:
1) MO7O series - Nutrition and musculoskeletal function
2) MO9O series - Cardiovascular function
3) MllO series - Haematology
4) Ml30 series - Neurophysiology
5) MI50 series - Time and motion studies
6) MI70 series - Energy studies
In each field of study there was at least one major experiment, and 
frequently several minor experiments, known as detailed test objectives.
In all, more than 270 experiments were performed in the course of the 
Skylab programme, 35 of them in the life sciences discipline, and the 
scientific returns have been prodigious (Holder and Siuru, 1974).
1.4 Body Composition Measurement on Skylab
The Skylab programme included four experiments which were expected to 
provide information on the possible changes in body composition - body mass 
measurement, mineral balance, bioassay of body fluids, and bone densitometry. 
A further experiment, the biostereometric analysis of body form, was added 
at the request of the author.
1.4.1 Experiment M172 - Body Mass Measurement
Although objects have no weight in an orbiting spacecraft, they do 
possess mass, which may be measured by timing the period of oscillation, 
when the mass is coupled to a spring. The Skylab body mass measuring device 
consisted of a chair, in which the astronaut adopted a hunched-up position, 
and which oscillated gently backwards and forwards under the influence of 8 
large leaf springs. The period of oscillation was measured electronically, 
and ivas used to derive the mass of the subject, from calibrations made 
inflight, using know masses. The astronauts mass-measured themselves 
daily, immediately following the first urination on vraking from sleep 
(Thornton and Ord, 1977).
1.4.2 Experiment M071 - Mineral Balance
The Sliylab mineral balance experiment attempted to measure changes in 
body composition by the metabolic balance technique, in which the intake of 
food and drink, and the output or urine and faeces, were examined by 
chemical analysis. The Skylab food system consisted of 72 items, 
manufactured vdth close control over both the weight and the elemental
■5. '
composition of each serving, and consumed by the astronauts in a pre­
planned menu. Water was consumed *ad lib#, but its intake was reported 
daily. Faeces were dehydrated in the spacecraft, and returned at the end 
of the flight for analysis. Urine v^as collected from each man as a 
24-hour pool, a sample being taken and frozen, again being brought back for 
analysis. The elements studied in the mineral balance experiment were 
sodium, potassium, chlorine, calcium, phosphorus, magnesium and nitrogen.
The intake and excretion of water and calories were also monitored (\^edon 
et al 1977). ■
1.4.3 Experiment M073 - Bioassay of Body Fluids
)
The main aim of this experiment was to study the production by the body 
of a range of hormones, of which the most important were Adrenocorticotrophic 
Hormone (ACTH), Cortisone, Aldosterone and Anti diuretic Hormone (ADH).
Included in this experiment, however, were the pre- and postflight 
measurement of total body water and exchangeable potassium, by the tracer 
dilution technique (see Chapter 2), using tritiated water and ^^KCl, 
respectively (Leach and Rambaut, 1977).
1.4.4 Experiment M078 - Bone Densitometry
/
The attenuation by bone of a beam of low energy monoenergetic gamma rays 
was used to estimate the quantity of bone mineral in the distal radius and 
ulna, and in the os calcis. This technique cannot give absolute values for 
the quantity of bone mineral in the body, but it is very sensitive to small 
changes in the mineralisation of a single bone. Based on earlier studies, 
it was thought that changes in the radius and ulna would reflect changes in 
the mineral content of the body as a whole, whereas local changes might be 
seen in the os calcis, which is highly stressed under normal circumstances, 
but very little stressed in the absence of gravity (Vogel and \fhittle, 1974).
1.4.5 Biostereometric Analysis of Body Form
In examining the gross composition of the body, it is possible to consider 
the body as a number of different * compartments *. This classification will 
be examined in detail in Chapter 2, in which four compartments will be 
chosen as being both useful, and amenable to fairly accurate measurement; 
bone mineral, cell solids, total body water, and fat. Of these, only cell 
solids and body water were fully covered by the previously planned Skylab 
experiments. The author considered it highly desirable that more 
information should be obtained on bone mineral and body fat. Representations 
to NASA management to perform neutron activation analysis on the astronauts, 
to measure total bone mineral, were rejected on the grounds that the
■ . 6.
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technique was relatively unproven, and that it involved radiation exposure.
There were, however, several techniques available to measure body fat, 
without the use of radioactive isotopes, and an approach was made to NASA 
management to perform an additional preflight and postflight experiment on 
this subject. It was agreed that such a measurement was desirable, but 
the experiment could only be approved if two conditions were met;
1) The experiment should not occupy more than a few minutes for each 
subject oh any given day, particularly if performed close to the launch 
or recovery.
2) The measurements would have to be made wherever the astronauts happened 
to be, without the need to travel.
The methods available for measuring body fat will be examined in 
Chapter 2. Four techniques were considered for use on the Skylab study - 
helium dilution (Siri, 1953), under\^ter weighing (Behnke et al 1942), 
volumetry (Allen, I963) and biostereometric analysis (Herron et al 1970).
The first possibility was dismissed on grounds of cost, and because there 
was insufficient time to develop the necessary expertise. Neither 
underwater weighing nor hydrostatic displacement could be used on the unstable 
platform provided by the recovery ship, which would have meant that the 
first postflight studies would have to be performed four days ppstflight, 
after the astronauts had returned to Houston. This suffered the 
disadvantage that some postflight recovery could have occured, and also the 
measurement would be made on a different day from all of the other studies 
of body composition.
The methods of choice for the study thus became the biostereometric 
technique, the conduct of which occupied the subjects for only as long as 
it took to undress, weigh, and to have a photograph taken, and for which 
the equipment was portable. The technique had previously been used on 
Apollo 16, and on a ground-based Skylab simulation, \d.th rather poor results. 
However, modifications to the technique were devised with a view to 
improving accuracy. In addition to information on total body volume, from 
which body fat could be derived, the technique would provide estimates of 
the changes in volume of different regions of the body, which would enable 
the changes in particular tissues to be estimated.
The biostereometric technique, as it was used in the present study, 
will be described in detail in Chapter 4.
7.
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CHAPTER 2
THE GROSS COMPOSITION OF THE BODY
The term * gross composition* is a vague one, Siri (1956) defined it 
as "the body*s chief functional constituents - water, fat, protein, and 
minerals". Siri pointed out that the subject has been relatively neglected 
by scientists, whereas it has recieved the consuming attention of the layman, 
inasmuch as "height, weight, musculature and' fatness are everyone*s concern".
Since the 1880s life insurance companies have taken a keen interest in 
the relationship between body weight and life expectancy (Rion, 1952).
Rion states that actuarial studies have sho^m that, on average, people with a 
high body weight die younger than those whose body weight is closer to the 
average. The Life Insurance companies publish tables, such as the 
Metropolitan Life Tables (1959), relating life expectancy to height and weight, 
According to Vanderveen et al (1974), tables of height and weight have been 
used,since at least 1846 to detect the presence of obesity. Most workers 
(e.g. Keys & Brozek, 1953) assume that decreased life expectancy is a 
consequence of obesity, rather than of a high body weight by itself , although 
there is no direct evidence for this assumption. When body composition is 
studied, rather than just weight and height, numerous cases are found in 
which athletes are graded * overweight* from an excess of muscle, rather than 
fat, and conversely many people whose weight appears satisfactory from the 
standard tables are found to have sufficient body fat to be classified as 
* obese* (Allen, 1963; Seltzer & Mayer, 1965).
The major interest in body composition from a clinical point of view is, 
therefore, the need to identify those individuals who, for the sake of their 
health, need to lose weight. There are other areas, however, in which the 
composition of the body is of interest. von Dobeln (1956) showed that 
metabolic rates were more readily comparable between individuals if they 
were expressed in relation to the fat—free mass of the body. .• Some 
anaesthetics, such as thiopental, have a high affinity for fat, and Hermann 
and Wood (1952) suggested that their dosage should be adjusted to allow for 
the (fatness* of the body. Conversely, according to Miller (1968), many 
drugs are distributed only in the non-fat tissues of the body, and their 
dosage should be related to lean body mass, Vanderveen and Allen (1972) 
suggested that the caloric requirements of the body are better predicted by 
the lean body mass than by the total body weight, but they did not provide 
any evidence to support this view. According to Allen et al (1971), it has 
long been recognised that decompression sickness is commoner in obese than 
in thin subjects. The condition is thought to be due to nitrogen gas.
.  ^ 8.
dissolved in body tissues, and the higher incidence in the obese is 
explained by the solubility of nitrogen in fat, which is 5 times that in 
water. Allen et al produced evidence for this theory, by demonstrating 
an incidence of decompression sickness 4 times higher among subjects with 
over 12 kg body fat than among subjects with less.
The other area in which knowledge of the composition of the body is of 
interest is in the interpretation of changes in body weight. Keys and 
Brozek (1953) reviewed the changes in body composition associated with 
overeating and starvation, and pointed out that fat is not the only body 
constituent to be affected by a change in caloric intake. Water is gained 
and lost as an essential part of adipose tissue, and during starvation Keys 
and Brozek found that •cellular* tissue was lost in increasing quantities 
as the body*s fat reserves became depleted. Vanderveen and Allen (1972) 
also noted that thin subjects tended to lose lean body mass when on a low 
calorie diet. '
Knowledge of body composition is required to interpret changes in body 
weight in which there is good reason to believe that changes in more than 
one tissue have occured. Astronauts returning from spaceflight are almost 
invariably found to have lost weight (Berry, 1973), the weight loss commonly 
being in the range 2 - 4  kg. This subject will be further examined in 
Chapter 3, but without information on body composition it would be very 
difficult to interpret the weight loss in terms of the tissues which could 
have been lost in the course of the flight. It is to the examination of 
this problem that the major part of this thesis is devoted.
The early studies of human body composition were reviewed in Chapter 1. 
As a result of the difficulties involved in obtaining cadavers, performing 
the chemical analysis, and interpreting the results, and because there 
exists an interest in the composition of the living body, there have been 
numerous attempts to derive body composition by indirect means. These 
attempts have included methods based on anthropometry, body density, total 
body water, fat-soluble indicators, total body potassium, and neutron 
activation analysis.
2.1 Methods for Examining Body Composition in the Living
2.1.1 Anthropometry
According to Keys and Brozek (1953), Life Insurance companies base their 
premiums on tables of * standard weights* for individuals of a given age, sex 
and height, which originally related to average weights, but since the 1920*s 
have aimed to give the * ideal* weight. Keys and Brozek pointed out that the
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tables are derived from actuarial data, and that no attempt is made to 
actually measure body composition. Morant (l95l) regarded such tables 
as having severe drawbacks, particularly with regard to how up to date they 
are, the tables in use in Britain until the 1940*s being based on data 
collected in 1883. Keys and Brozek noted that the standards of data 
collection were very variable, both heights and weights being taken sometimes 
with, and sometimes without, clothes and shoes. They also critised the 
apparently arbritary method of deriving * ideal* weights. Kalkoff and Perrou 
(1971) observed that presumably such tables are of use to the insurance 
companies, for dealing with large numbers of people, but that they offer a 
very poor guide to the composition of an individual.
Keys and Brozek (l953) stated that since the 19th century physical 
anthropologists have attempted to describe body build by using a wide range 
of different anthropometric measurements, particularly in an attempt to 
relate the physical (constitution* to particular diseases or personality 
types. Sheldon (l940) classified body build by *somatotypes*, in which 
physique is represented by the score on three scales - endomorphy, mesomorphy 
and ectomorphy. Keys and Brozek, in critising the teclmique, state that 
there is some relationship between endomorphy score and body fat, and 
between mesomorphy and muscle mass, but that ectomorphy appears to relate to 
a combination of skeletal size and the inverse of body fat. They suggest 
that it would be much more useful to measure the fat, muscle and skeleton, 
rather than to produce indexes which relate to them only indirectly.
It would clearly be of great value to be able to determine body 
composition from a number of simple body measurements, and some progress has 
been made in this direction. Since the widespread acceptance of body 
density (see below) as a measure of body fat, there have been a number of 
studies attempting to correlate body fat with combinations of body 
measurements, using multiple regression equations (e.g. Vanderveen et al, 
1974; Wright and Wilmore, 1974). Ward et al (l975) regard the measurement 
of body fat in this way to be superior to standard height/weight tables, but 
they found standard errors of 21 - 36 ^ when estimating body fat for the 
male population from 15 body measurements, and they did not recommend 
adoption of the technique for clinical practice.
Another anthropometric approach to body composition is the measurement 
of skinfold thickness. According to Keys and Brozek (1953), the 
measurement of the thickness of the skin and subcutaneous tissues using 
calipers dates back to 1890, several workers between 1910 and 1940 attempting 
to use skinfold thickness as an index of body fat, particularly Matiegka 
(1921). According to Keys and Brozek, the following factors can cause
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variability in the results of skinfold measurements:
1) Size of skinfold picked up
2) Contact area of calipers
3) Spring tension of calipers
4) Spring linearity of calipers
5) Proximity of calipers to fingers holding skinfold
6) Time for which calipers are applied
Despite this formidable list, they maintain that providing a rigidly 
standardised technique is used, fairly consistent results can be obtained. 
Recent studies comparing skinfold measurements with densitometry as a 
measure of body fat have indicated that skinfold measurements provide a 
reasonable guide to body fat, Wang and Kou (1974) quoting a correlation 
coefficient of 0.88 between body fat by densitometry and by a formula based 
on two skinfold thicknesses.
The most recently developed anthropometric method of examing body 
composition is by biostereometric analysis (Herron, 1972). In this technique 
the three-dimensional form of the body is described as a series of coordinates, 
which may be used to calculate total body volume, and also the volumes of 
individual parts of the body.
According to Herron (1972), the foundations of biostereometrics were 
laid by Rennaissanee artists, who desired accurately to represent, on canvas 
or in stone, the three-dimensional form of the human body. Particularly 
noteworthy was Leon Battista Alberti (l404 - 1472), who was interested in 
surveying, and who *mapped* the body of his model, using a three-dimensional 
coordinate system, the coordinates being used to rough-cut the stone from 
which a statue was to be carved. Sir Charles Wheatstone invented the 
stereoscope in 1832, and the first stereoscopic photographs were taken in 
1841. Photo gramme try - the measurement of objects from photographs - was
practised in the 1850*s and stereophotogrammetry - the measurement of objects 
in three dimensions, from stereoscopic photographs - was invented during the 
same decade. The earliest record of stereophotogrammetry being applied to 
living objects - and hence the origin of biostereometrics in its present form 
- is attributed to the physician Oliver Wendell Holmes (1809-1894), father 
of the famous American jurist of the same name. In I863 Dr Holmes studied 
human gait by stereophotogrammetry, as an aid to designing artificial limbs 
for amputees maimed in the American Civil War.
Herron quotes a number of studies on man and animals by stereoscopic 
photography performed during the first half of the 20th century, but he 
states that the results obtained before 1954 were poor, for lack of suitable
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stereoscopic cameras. Leydolph (1954) developed and modified cameras and 
plotting equipment for biological work, mainly to study breeding animals. 
Berner (1954) determined the surface area of the body of eight human 
subjects by measuring the circumference of a series of horizontal planes 
through the body. The potential of stereophotogrammetry in biomedical 
research was emphasised by Miskin (1956), who mentioned as a possible 
application the measurement of body volume. Hertzberg et al (1957) 
compared anthropometric measurements obtained by convential techniques with 
those obtained from stereoscopic photographs, and concluded that 
"stereoanthropometry is much more precise than hand anthropometry". Herron 
and others during the mid 1960*s developed a system for measuring the total 
body volume using two pairs of cameras (Weissman, 1968). This work was 
developed for use in the space programme (Herron et al., 1971), and this 
thesis is a continuation of that application.
2.1.2 Body Density
Stern (l90l) and Spivak (l915) both recognised that fat, soft tissues 
and skeleton all had different densities, and that by measuring the density 
of the body as a whole it should be possible to estimate body composition. 
According to Siri (1956), however, their density measurements were 
insufficiently accurate for this purpose, and they did not have any direct 
measurements of body fat available for comparison. Boyd (l935) reviewed a 
large number of early measurements of body density, but according to Siri it 
was not until the classic papers of Behnke et al (1942) and Wei ham and Behnke 
(1942) that the technique had achieved sufficient accuracy to show a clear 
relationship between body density and body fat.
Behnlte et al used Archimedes principle to determine density, the body 
being weighed both in the air and totally immersed in water, the difference 
between the weighings giving the weight of water displaced, from which body 
volume and hence density could be calculated. This method was also used 
by Rathbun and Pace (1945), Keys and Brozek (l953), and von Dobeln (1956), 
all of whom examined the assumptions made in relating density to fat, and 
attempted to improve the accuracy of the estimation. The underwater 
weighing technique remains in use in many centres today.
In an attempt to simplify the procedure, Allen et al (l960b) measured 
the rise in water level in the tank in which a subject was immersed, rather 
than measuring the change in weight. This method has been used for several 
population studies, particularly in military establishments (e^g: Theis 1975)=
Siri (1953) described a technique for measuring body volume in which 
the subject is enclosed in an air—filled chamber, into which a kno^ \Ti amount
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of helium gas is introduced. By measuring the concentration of helium 
in the chamber, after equilibration, the volume of the subject may be 
calculated. The method has the advantage that the-measured volume of the 
body does not include the air in the lungs and respiratory passages, which 
in other methods has to be measured or estimated, but is critically 
dependant on the uniformity of temperature within the chamber, which for 
accurate results must be within 0,02°C (Siri, 1956). For this reason, 
and because of the cost and complexity of the equipment, the method is little 
used today (Luft, 1975). ’
The measurement of body volume by biostereometric analysis, discussed 
in the last section, could be used to calculate body density, and hence to 
estimate body fat, A study of this type was performed on the Apollo l6 
astronauts, but the only report of it which has appeared (Berry & Smith,
1972) does not give detailed results. Luft (l975) compared body volume 
measurement by underwater weighing with that by biostereometrics m t h  
encouraging results. This study will be examined in detail in Chapter 4.
2.1.3  Total Body Water
Siri (1956) named the four major constituents of the body as water, fat, 
protein and minerals. Keys and Brozek (l953) had earlier observed that 
water is the only major body constituent which is amenable to direct measure­
ment in vivo, using the tracer dilution technique, in which a known quantity 
of a tracer substance is injected into the body, and the volume into which 
it has dispersed is calculated by measuring its dilution. Keys and Brozek 
stated that a wide variety of tracers had been used since 1930, but that 
only 4 had ever gained widespread acceptance - urea, antipyrene, heavy water 
(D^O) and tritiated water (HTO). Urea has long been abandoned for fears 
that it is not evenly distributed between body compartments (Ralls, 1943). 
Keys and Brozek regarded antipyrene as "the most convenient, and perhaps the 
best" tracer solute, but with the increasing use of isotopes in medicine its 
use has largely been abandoned, and recent studies have used either heavy 
water (e.g. Krzywicki et al 1974) or tritiated water (e.g. Leach and Rambaut
1977).
According to Pace and Rathbnn (19^5), as veil as being a major body 
constituent in its oim right, water may be used to estimate body fat, if it 
is assumed that the body consists of two compartments, one consisting solely 
of fat, and the other of the *lean* tissues, which are assumed to be of 
unvarying composition. Knowledge of the tu Lai body water enables the mass 
of the lean tissues to be calculated, and the difference between this and 
the body weight is the mass of fat. Keys and Brozek (l953) challenged the 
view that the *lean* body is of unvarying composition, by showing that
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adipose tissue itself contains water, so that the water content of the 
*lean* body is affected by the amount of fat present. Keys and Brozek
suggested corrections to allow for this effect, and thereby improve the 
estimate of body fat from total body water, but Siri (1956) stated that 
the method breaks down in the presence of oedema or ascites, or in extreme 
obesity or emaciation. Despite these objections, the estimation of body 
fat from total body water, without even the corrections suggested by Keys 
and Brozek, continues in current use (e.g. Stansell & Hyder, 1976).
2.1.4 Fat-Soluble Indicators
Keys and Brozek (l953) pointed out that it would be possible to measure 
body fat directly if a substance were available which was preferentially 
taken up by fat, and whose relative solubilities in fat and other body 
tissues were known. Two approaches could be adopted - either to give a 
known quantity of the substance, and to measure its concentration, after 
equilibration, in body fluids, or in a biopsy of subcutaneous fat, or to 
measure the rate of elimination of a fat-soluble substance, after allowing 
it to equilibrate in the body. Two gases have been proposed for these 
methods - nitrogen, which is 5 times more soluble in fat than in water, and 
cyclopropane, which is 26 times more soluble in fat, but which is highly 
explosive when mixed with air (Siri, 1956).
Nitrogen elimination from the body has been shown to provide a 
reasonable estimate of body fat (Behnke et al., 1935), but the need for a 
12 hour washout period, breathing 100^ oxygen, makes the procedure impractical 
(Keys and Brozek, 1953). Cyclopropane was used to estimate the body fat 
in a group of rats, and it gave good agreement with ether-extraction values 
(Lesser et al 1952), but it does not appear to have been attempted in man.
2.1.5 Total Body Potassium
The concentration of potassium within human cells is very constant, so 
that measurement of the total body potassium enables the total mass of the 
cells to be calculated (Miller, I968), If it is assumed that the extra­
cellular fluid,and bone mineral bear a constant relationship to the mass of 
cells, these components can be estimated, thus enabling the lean bodjr mass
to be calculated. The total body potassium may be measured by tracer
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dilution, using the isotope K, or by detecting, using a whole body 
scintillation counter, the radioactive emission of the isotope ^^K, which 
forms 0.0012^ of the naturally occuring potassium in the body (Fortes and 
Hursh, 1963). Miller considered that the cell mass, derived in tiis way, 
would be the best reference standard for comparing metabolic rates, in the 
same way that von Dobeln (1956) had suggested using the lean body mass, 
measured by underwater weighing.
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2.1.6 Neutron Activation Analysis
According to Anderson et al (1964), if the body is exposed to neutrons, 
a proportion of the atoms of all the elements present are converted into 
other isotopes. Many of these a:re short-lived, and decay within a few 
minutes, emitting gamma rays of characteristic energy.
In vivo neutron activation analysis was first performed in 1957 in the
atomic weapons programme, when it ims found that the severity of an accidental
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neutron dose could he estimated by measuring the Na induced in the body. 
Anderson et al subjected volunteers to small doses of neutrons, and detected 
the gamma rays resulting from induced isotopes of sodium, chlorine, calcium 
and nitrogen. Measurements of the total body sodium made in this way agreed 
with those made by tracer dilution, to within the limits of accuracy of both 
methods. Since then considerable progress has been made, and neutron 
activation analysis can now be used to measure reliably the total body calcium 
(Ellis and Cohn, 1975), as well as showing considerable promise for several 
other elements, including oxygen, nitrogen, hydrogen, carbon and chlorine 
(Boddy, 1975).
2.2 Present Views on the Gross Composition of the Body
Keys and Brozek (l953) considered that the direct analysis of human 
cadavers had contributed little to our knowledge of human body composition. 
Table 2-1 lists what they regard as all the reliable data on body 
composition obtained in this way. The body composition was probably only 
* normal * in subject 2, because of the mode of death, or condition at death, 
of the other four (Krzywicki et al, 1974). The data show considerable 
variation, casting some doubt on the commonly made assumption that the *lean 
body* contains 73^ water (Pace and Rathbun, 1945), which is used in the 
determination of lean body mass from total body water. Siri (1956) noted 
that the ratio of ash to protein is very constant in laboratory animals, 
both from one animal to another and from species to species, ranging from 
0.21 to 0.27, whereas in the 5 subjects quoted by Keys and Brozek, the ratio 
varied from 0.29 to 0.53, showing both a higher mean value and a much 
greater variability, Siri pointed out that the ash obtained depends to 
some extent on the ashing procedure, and he regarded as * inconclusive* the 
evidence that ash/protein ratios are 50^ higher in man than in laboratory 
animals. Taking the data from direct analysis of cadavers as a whole, Siri 
concluded that they "scarcely suggest more than an order of magnitude in the 
proportions that may be expected".
Most of our knowledge of human body composition, and how it varies from 
one individual to another, has come from the use of indirect measurements.
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No. Age Sex Height
cm
Weight
kg
^ Total Weight ^ Fat-Free Weight Ash/
ProteinWater Fat Protein Ash Water Protein Ash
1 42 F 169 45.1 56.0 23.6 14.4 7.6 73.2 18.8 9.9 0.53
2 46 M 169 53.8 55.1 19.4 18.6 5.4 68.4 23.1 6.7 0.29
3 35 M 183 70.6 67.9 12.5 14.4 4.8 77.6 16.5 5.5 0.33
4 25 M 179 71.8 61.8 14.9 16.6 7.5 72.6 17.5 8.8 0.50
5 48 M ? 63.8 81.5 1.1 12.8 4.9 82.4 12.9 5.0 0.38
Cause of death! •
1 Drowning
2 Cerebral injury (died after one week)
3 Heart failure (after prolonged illness with mitral disease)
4 Uraemia
5 Infective endocarditis (body wasted and grossly oedematous)
Table 2-1: Body Composition by Direct Analysis of Cadavers (Keys and Brozek, 1953)
Clearly the only way to study the body composition of the living, or changes 
in body composition from time to time in the same individual, is by indirect 
means. The major value of direct chemical analysis, as observed by Keys 
and Brozek (l953), should be in the calibration of the indirect methods. 
However, there do not appear to have been any attempts to measure the body 
composition of a cadaver by both direct and indirect methods. This is not 
altogether surprising, as some indirect methods require the circulation of 
blood (e.g. tracer dilution methods for measuring total body water and 
exchangeable potassium), and the measurement of body density would be affected 
by post-mortem Changes in body temperature, and by the evolution of intestinal 
gas. The only experiments reported which compare direct and indirect 
measurements of body composition are those of Rathbun and Pace (l945), which 
were performed on eviscerated guinea pigs. Krzy^ r^icki et al (l974) compared 
three indirect techniques (total body water, body density and total body 
potassium), in the hope that at least two would show good agreement, and 
thus be accepted as the «true* measures of body composition. This hope was 
not realised, as considerable variation was found between the results from 
the three methods, and there still exists a need to calibrate the indirect 
techniques by direct chemical analysis. Stanstell and Hyder (1976) made a 
plea for "more direct chemical data on normal cadavers".
Despite the large number of methods available, the determination of the 
gross body composition of a living individual is not easily performed, noi 
are the results likely to be particularly accurate (Siri, 1956). Siri 
pointed out that the body consists of a large number of organs and tissues.
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Figure 2-1: Division of the Body into Major Compartments (wdLth typical values)
(modified after Keys and Brozek, 1953)
each with its o w  chemical and physical composition, and that both the quantity 
and the composition of these organs and tissues vary, within certain limits, 
from one individual to another. In contrast, the indirect methods of 
determining body composition usually measure only a single variable, and attempt 
to determine body composition by assuming fixed values for all other variables. 
The accuracy with which body composition is measured thus depends more on the 
validity of these assumptions than on the accuracy with which the single variable 
is measured (Keys and Brozek, 1953).
Figure 2-1 shows in diagrammatic form the components of the body which 
are normally considered in discussions of gross body composition. The term
* obesity tissue* was suggested by Keys and Brozek (l953) to describe tissue 
which is gained or lost by the body as a result of an alteration in energy 
balance. Its approximate composition is 62^ fat, 31^ water and cell solids. 
It is clearly closely related to adipose tissue, but the latter term represents 
an anatomical entity, whereas *obesity tissue* refers to the physiological 
concept of a change in body composition. For clarity the diagram has been 
simplified by the omission of the small amounts of intracellular water and cell 
solids present in obesity tissue. The *essential fat* of the body is destinct 
from the storage fat. The former is present in cell walls, mitochondria and
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the nervous system, and comprises less than 2^ of the total body weight.
The >fat free* body mass is the mass of the body less all the ether- 
extractable fat. The *lean body mass* is a more widely used but less 
closely defined term. In its original use by Behnke (l953) it was defined 
as the mass of the body, less only the * nonessential* fat, as shown in 
Figure 2-1. Keys and Brozek pointed out, however, that the essential fat 
cannot be distinguished from the storage fat, and suggested that the term 
•lean body mass* be abandonded. Siri (1956), in contrast, thought the term 
a useful one, providing it is not assumed that the *lean body* is of 
unvarying composition. The term does tend to be used rather loosely, 
however,» Crook et al (1966) used it to refer to the block labelled *cell 
solids* in figure 2-1.
2.3. Measurement of Individual Body Components
2.3.1 Bone Mineral
Since the advent of in vivo neutron activation analysis, it has been 
possible to measure directly the total body calcium (Ellis and Colm, 1975).
The measurement can only be made in units with facilities for neutron 
irradiation and whole body gamma ray counting, but according to Ellis and 
Cohn the technique is very accurate, the standard deviation of replicate 
measurements on an anthropomorphic phantom being 1.1^. Allowing for 
differences between human subjects and the phantom, bone mineral could 
probably be measured in an individual to within a few percent. Bone mineral 
comprises only about 6^ of the total body weight, so that even all offing for 
calcium outside the skeleton, and for slight variations in the calcium 
content of the bone mineral, the latter can be measured to within a fraction 
of one percent of the total body weight.
2.3.2 Cell Solids and Intracellular Water
The intracellular potassium in health is very closely controlled, around
150 mEq/kg of cell water, and 98^ of the total body potassium is intracellular
(Miller, I968). It is thus possible, by measuring the total body potassium,
to derive an estimate for the intracellular water. If it is assumed, as
Miller suggests, that all cells have a similar composition, it is also
possible to estimate the cell solids and the total cell mass. Pierson et al
(1974) point out that the composition of cells of different tissues is far
from uniform, but nonetheless they accept the assumption as a reasonable
approximation. Two methods are routinely used to measure the total body
40potassium - tracer dilution and K counting.
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The tracer dilution technique normally uses a salt of K, which
equilibrates with the potassium throughout all the body spaces (Talso et al 
i960). According to Pierson et al (1974), the method is accurate to 
within a few percent, and although it measures the •exchangeable* potassium 
rather than the * total*, there does not seem to be a significant difference 
between the two.
Measuring the radioactive emission from the naturally occuring in 
the body is now a well established technique, although the small amount 
present means that very large and well shielded counters are required, 
combined with long counting times (Cohn et al I969). The error in
measuring total body potassium by this technique is of the order of +3^
(Ellis and Cohn, 1975; Pierson et al 1974). When estimating intracellular 
water and cell solids from total body potassium, however, further 
uncertaintities are introduced. The cell mass (except in the very obese) is 
the second largest component of the body, and it seems unlikely that it can 
be measured to better than +3^ of the body weight.
2.3.5 Total Body Water
The total body water may be measured by tracer dilution. All the 
recently reported studies have used as a tracer either tritiated water or 
deuterium oxide, the use of antipyrene apparently having been discontinued. 
Tritium may be detected in the serum by its emission of low energy beta 
particles (Prentice et al 1952), whereas deuterium is detected either by its 
higher atomic weight, by the falling drop method or mass spectrometry (Siri, 
1956), or by photodisintegration (Stansell and Hyder, 1976). Agreement 
between the values obtained using the two different tracers is very good, the 
standard deviation of the difference in one study being Vfo of the total body 
water (Stansell and Hyder, 1976).
There is a systematic error in the measurement of total body ivater by 
isotopes of hydrogen, because exchange of atoms occurs between the tracer 
isotope and the hydrogen of compounds other than water (Siri, 1956). Siri 
states that this * hydro gen exchange* amounts to 1-2^ during the 3-5 hour 
period allowed for tracer equilibration, and it is thus comparable with the 
experimental error of the method, for both isotopes. Measurement of the 
total body water in subjects with oedema or ascites is seriously affected 
by the slower turnover of water in these fluids. Stansell and Hyder (1976) 
suggest that equilibration times should be extended in such cases to 6-24 
hours. In the absence of such pathological collections of fluid, it should 
always be possible to measure the total body water to within 2^ of the body 
weight.
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2.3.4 Extracellular Fluid
The measurement of the extracellular fluid again uses the tracer dilution
technique, using a tracer which will equilibrate with the extracellular fluid,
without entering the cells. Three tracers have been used regularly in
recent years - thiocyanate, inulin and (Siri 1956). There is fairly
good agreement between measurements of the extracellular space by inulin and
(given intravenously as labelled dilute sulphuric acid), whereas the
thiocyanate * space* is larger, and Siri suggests that the space measured by
inulin and ^^SO^ is more ’correct*. He gives no evidence for this opinion,
however, admitting that there is no way to estimate the accuracy of
measurements of the extracellular fluid. As with measurements of the total
body water, the use of a chemical tracer substance (inulin) appears to have
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been abandoned in favour of the nuclear technique, using SO^  ^ .
2.3.5 Fat
Because of the relationship between body fat and reduced life expectancy 
(Rion, 1952), a great deal of work has been done on developing techniques to 
measure fat. There is no method by which fat may be measured directly in 
vivo, and no human studies have been reported in which in vivo fat 
measurements have been confirmed by post mortem chemical analysis. It is 
thus impossible to say which of the indirect techniques currently in use gives 
results closest to the truth.
The technique for measuring body fat generally regarded as being the most 
accurate (e.g. Krzyw^icki et al 1974) is that utilising body density. The 
weight of the body in air is readily obtained using a conventional balance.
The volume of the body may be measured by the displacement of a gas (Siri, 
1955), or by the displacement of water. The volume of water displaced may 
be measured by the change in weight (underwater weighing - Behnke et al 1942), 
or by the change in the water level in the tank (volumetry - Allen, I963).
The gas displacement method is probably the most accurate (Luft, 1975), 
particularly as the volume measured does not include the residual volume of 
air in the lungs, but it has been little used, according to Buskirk (1961), 
because of the cost and complexity of the equipment, and the difficulty of 
the technique.
Buskirk examined the reproducibility of the underwater weighing technique 
at a number of centres, and quoted a mean standard deviation, for replicate 
determinations of density, of 0.002 g/ml, equivalent to a standard deviation 
for volume of about 125 ml. There do not appear to have been any studies 
on the reproducibility of the volumetry technique. However, Allen (1963)
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stated that repeated measurements are made until two agree to within 0.5 nun 
of water depth, equivalent to 112 ml volume, suggesting that the standard 
deviation of the method is prohahly similar to that of under^vater weighing. 
Both methods suffer the disadvantage that before any estimates of fat can 
be made, the body volume must be corrected for the residual volume of air 
in the lungs. Buskirk (l96l) reviewed the various techniques available 
to determine the residual volume, and did not find any striking differences 
between them.'^ He stated that if residual volume is merely estimated from 
tables, and not measured, the standard deviation of the error is likely to 
be around 500 ml. If the residual volume is measured, either before or 
after the water immersion, this figure reduces to 200-300 ml, with a 
further reduction to about 100 ml if the measurement is made m t h  the 
subject immersed, while the volume determination is being made.
Although Siri*s gas displacement technique is free from errors due to 
air in the respiratory tract, it shares with the water displacement methods 
the inaccuracies introduced by the presence of gas in the intestinal tract. 
Bedell et al (1956) measured the intestinal gas volume in 60 subjects, by 
whole body plethysmography, and found a mean volume of ll6 ml, with a 
standard deviation of 125 ml. von Dobeln (1956) attempted, without success, 
to measure intestinal gas by performing underwater weighing at normal and 
reduced atmospheric pressure, in an altitude chamber. This approach was 
followed up by Greenwald et al (1969), using the volumetry technique, and 
they found the mean volume to be 111 ml, with a standard deviation of 57 ml. 
That the volume of intestinal gas may sometimes be much more than this, 
however, was shown in an experiment reported by Greenwald et al., in which 
a volunteer refrained from passing flatus after consuming 6OO gm of baked 
beans, and increased his volume over the ensuing 10 hours by 1400 ml!
Combining the experimental errors of the different techniques with the 
uncertainties about residual lung volume and intestinal gas, it is apparent 
that the standard deviation for the measurement of body volume lies between 
200 and 500 ml, depending on the method, giving a standard deviation for 
density of between 0.003 and 0.008 g/ml. Further uncertainties are 
introduced in the calculation of body fat from body density, which requires 
the assumption of two values — the density of either adipose tissue or fat, 
and the density of the ’rest of the body*.
The classic study of Behnke et al (l942) took a value of 0.94 g/ml for
the density of adipose tissue, and 1.082 g/ml for the rest of the body.
Rathbun and Pace (1945) used specific gravities of 1.10 for the fat-free 
body, and 0.918 for ether extracted human fat, but they were criticised by
21.
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Keys and Brozek (l953) as they neither quoted temperature nor, apparently, 
made any correction for it. Keys and Brozek measured the density of human 
fat as 0.9007 g/ml at 36^0 , hut they thought the density of * obesity tissue* 
(see Figure 2-1) was more important than that of fat, and derived for it a 
value of 0.948 g/ml at 36^0. They pointed out that obesity tissue contains 
water and cellular components as well as fat, and that it is of little 
value to know the density of fat, if the density of the *rest of the body* 
varies with the obesity of the subject. By including the water and 
cellular elements of obesity tissue with the fat, they hoped that the *rest 
of the body* would be of a much more consistent density. They were unable 
to give an exact value for the density of the rest of the body, although 
they estimated it to be around 1.09 g/ml, because the calculation requires 
knowledge of. both the density and the actual fat content for one or more 
subjects, the latter being unobtainable. To circumvent the problem they 
provided formulae to calculate the difference in body fat between a subject 
and a ’standard man’, the latter being based on the mean density of 25 
subjects who were at the ’ideal* weight for their height, on Insurance 
Company actuarial tables.
Siri (1956) suggested that the actual body fat could be calculated by 
considering the body as three compartments - fat, water and nonfat solids - 
with densities of 0.9007, 0.9933 and I .60 g/ml, respectively, at 37^0.
Total body water was measured as well as density. He suggested that the 
method would still be valid in the presence of oedema and ascites, in 
contrast to methods relying on density alone. Allen et al (l959) also 
considered the body as three compartments, but chose fatty tissue, soft 
tissue and bone mineral. Total body water and body density were measured, 
and bone mineral was estimated using an anthropometric technique based on 
height and four bony diameters. Body density and total body water were 
adjusted by subtraction of the estimated bone mineral, whereupon the 
relationship between the two could be used to predict the relative 
proportions of fat (density 0.901 g/ml, water content zero) and fat-free soft 
tissues (density I.06I g/ml, water content 78.4^). Allen et al found very 
close agreement between the estimates of fat using this technique and those
using Siri*s formulae. Siri estimated the standard deviation of the
measurement of body fat by his technique to be 1.2 Kg, equivalent to 1.7^
of body weight, and, presumably, in view of the agreement between the results,
the accuracy of the technique of Allen et al would be similar.
Other methods which have been proposed for measuring body fat include 
skinfold thickness, total body potassium, and total body water.
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Skinfold measurement is attractive in that it does measure fat
directly, but of necessity it is limited to certain sites, and cannot
examine fat within the body. In order to use skinfold measurements in this
way, it is necessary to calibrate them against another estimate of body fat,
which, in the absence of any cadaver studies, means to calibrate the method
against another, possibly less reliable one. Crook et al (1966) 'dismissed
the triceps skinfold as being too variable, but by calibrating the
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subscapular skinfold against estimates of fat made by K counting, they 
calculated that it could be used to estimate body fat with a standard 
deviation of 4.2^ of the body weight. However, the measurements, 
against which the calibration was made, were estimated to predict body fat 
with a 6^ standard deviation. Wang and Kou (1974) calibrated skinfold 
measurements against estimates of body fat by densitometry, and found good 
agreement. Although the standard deviation for the estimate is not given, 
it appears from their published graphs to be about 4^, using the mean of 
the subscapular and triceps skinfolds. Ward et al (1975) compared skinfold 
measurements with fat estimates by densitometry, and concluded that skinfold 
measurements were a better predictor of body fat in the female,than the male, 
but that even in females the fat estimates from skinfold measurements would 
have a standard deviation in excess of 4^.
When body fat is determined from total body potassium, it is necessary 
either to assume a fixed proportion of potassium in the lean body (e.g. 
Krzywicki et al 1974), or to make a correction for the observed decline in 
the ratio of potassium to cell solids with increasing age (Allen et al I96O; 
Crook et al I966). Although the latter approach is probably a little 
more accurate, the approximations involved are still considerable, and the 
correlation coefficient between estimates of body fat by densitometry and by 
total body potassium (by ^^K counting) was found by Krzyificki et al to be 
only 0.78 for 223 males, and 0.68 for 36 females. It is apparent that, 
although popular, the use of total body potassium to estimate body fat is 
fairly inaccurate (Crook et al I966).
The determination of body fat from total body water again requires the
assumption to be made that the fat-free body is of unvarying composition.
Most workers take the water content of the fat-free body to be 75^ (e.g.
Siri 1956; Stanstell and Hyder 1976), using the equation;
Fat = Body Weight - Water /  0.73
The constant was derived from the animal experiments of Pace and Rathbun 
(1945), and represents the mean water content of the defatted carcasses of 
animals of six species, which, the authors say, "it is not too far fetched 
to apply to man". As Keys and Brozek (1953) pointed out, the standard
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deviation of the water content of the fat free body is about 3^» and the 
range observed in 5 human cadavers (Table 2-l) is from 68.4 to 82,kfo,
Siri (1956) observed that the total body water can vary from day to day and 
from hour to hour. Allen et al (1960) considered that the +6.5^ range 
Siri suggested is a little high for normal activity in a temperate climate, 
but they agree that some variation undoubtably exists, which would affect 
the accuracy of the resulting estimate of body fat.
Keys and Brozek (l953) pointed out that as obesity tissue contains 
water, the water content of the fat free body could not be invariable.
They attempted to allow for this in calculating fat from total body water, 
by correcting for the water in the obesity tissue, with the following 
equation;
Fat = 1.09 X Body Weight - Water / 0.66 
Siri (1936) thought this revised formula would be slightly more accurate, 
but still considered the total body water to be a poor guide to body fat, 
in view of the uncertaintities in the water composition of the fat free body.
The correlation coefficients between fat estimates by densitometry and 
by total body water vary between 0.71 for 223 males (Krzywicki et al 1974) 
and 0.98 for 22 subjects of both sexes (Talso et al I960). If it is 
assumed that the estimate of fat by densitometry is ’correct*, calculations 
based on the data of Talso et al give a standard error of the estimate by 
total body water to be 2.4 Kg fat, or about 3*5^ of the body weight. The 
data of Krzyv\ricki et al are not published in a form which makes this 
calculation possible, but in view of the poor correlation they reported, the 
standard error of the estimate must be much greater than 3fo, As Keys and 
Brozek (l953) showed, estimates of body fat by total body water and by 
densitometry are not independant, since a change in hydration v^ill affect 
body density as well as total body water. They considered that the 
assumptions made when calculating fat from total body water lead to a 
standard error of 3-4^, to which must be added the 1-2^ error for the 
estimation of total body water itself, giving a total error for the .estimate 
of about 5^*
2.4 Combined Measurements
From the preceeding paragraphs it is clear that the gross composition 
of the living body can be measured d^.th reasonable accuracy, using different 
methods to study each of the major compartments. The suggested best that 
can be achieved today is given in Table 2-2. The further division of total 
body water into extracellular and intracellular compartments has been 
omitted, as it is at present less accurate than the determination of the 
other body components.
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Compartment Method Estimated Accuracy
Bone Mineral 
Cell Solids 
Total Body Water 
Fat
Neutron Activation Analysis
'40 42
K Counting or K Dilution
DgO or HTO Dilution
Densitometry
1 S.D. = Vfo body weight
II 3^ " "
If 2$ " "
II 2^ 0 " "
Table 2-2: Suggested Best Techniques for Estimating the Gross Composition
of the Body
Most workers to date have been interested in only a single body 
component (usually fat), and have made only a single measurement (e.g. body 
density, or total body water). A few workers have made measurements by more 
than one method, but usually to enhance the accuracy of measurement of the 
single compartment, for example Allen et al (l960b), who estimated body fat 
by combining measurements of body density and total body water. There do 
not appear to have been any attempts to measure, in one individual, all the 
compartments suggested in Table 2-2. The techniques are well established, 
however, and it is presumably only à matter of time before the determination 
of gross body composition, with the accuracy suggested, becomes commonplace.
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CHAPTER 3 
SPACEFLIGHT AND BODY COMPOSITION
3.1 ' Manned Spaceflight
The age of manned spaceflight began on 12 April 19^1, with a single orbit
of the Earth by Yuri Gagarin aboard the Vostok I spacecraft. By the time of
the launch of Skylab, on 14 May 1975, there had been 43 manned spaceflights 
( is  Russian, 27 American) involving 59 individuals (25 Russian, 34 American),
21 of whom took part in more than one flight. Medical studies were
performed preflight and postflight on all of the astronauts, and inflight 
electrocardiogram recording was performed on most of them, at least during 
critical phases of the mission (Berry, 1973).
Space is a hostile environment for an unprotected human being, as there 
is a near-perfect vacuum, a higher radiation level than at the surface of the 
earth, and the temperature of an object will vary from several hundred 
degrees, when exposed to the sun, to near absolute zero, when shaded from it. 
Human beings do not enter space unprotected, however. Within a spacecraft 
or space suit an individual is protected from extremes of temperature, and 
from hypoxia. The stresses to which the astronauts are exposed, however, 
include radiation, and accelerative forces or the lack of them.
Minimal protection against radiation has been provided by spacecraft to 
date, as the weight penalties would have been unacceptable. The radiation 
doses received by flight crews, typically 0.5 - 1 rad, have been regarded as 
of no biological significance (Berry, 1973).
The stress to which astronauts are exposed at the beginning and end of 
each flight is the acceleration of rocket launch and atmospheric re-entry.
The level of acceleration involved depends on the design of the individual 
spacecraft, but it is typically in the range 4 - 8 G, and is sustained for 
a minute or twoj with the subject in a reclining position. The level of 
acceleration is similar to that experienced by pilots in high performance 
aircraft, but the direction of the acceleration vector makes it easier to 
withstand (Fraser, 1973).
The one aspect of spaceflight which is unique to that environment is 
weightlessness, often referred to as zero gravity, or zero-G. It results 
from the phenomenon of free fall, when both the spacecraft and its 
occupants are accelerating at the same rate towards the centre of the earth 
or other heavenly body. The astronauts are exposed to zero-G for almost 
the whole of their flight. It would be possible to prevent this by
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providing artificial gravity in the form of linear or radial acceleration. 
However, linear acceleration would require enormous fuel expenditure, and 
radial acceleration, achieved hy rotating the spacecraft, would make 
astronomical observation difficult, and would run the risk of inducing 
motion sickness in the crew, through inducing Coriolis forces in the 
labyrinth (Berry, 1973b), Berry concluded that the zero-G environment is 
not harmful for exposures of 2-3 weeks, and that there is no need to provide 
artifical gravity. Since the completion of the Skylab flights, it has been 
suggested that exposure times of 6-9 months .should be without serious risk 
(Whedon et al 1977).
3j 2 the Physiology of Weightlessness
This review of the physiology of weightlessness summarises the state of 
knowledge as it existed at the time of the launch of Skylab, in May 1973.
It is followed by a description of some of the findings of the Skylab 
experiments, other than those which form the subject of this thesis.
According to Berry (l973b), five systems of the body are significantly 
affected by exposure to weightlessness - the vestibular apparatus, the 
cardiovascular system, the muscles, the skeleton, and the fat deposits.
3.2.1 Vestibular Apparatus
Graybiel (1973) describes the relevant part of the vestibular apparatus 
as consisting of four sensors - the otolith organs - which provide the brain 
with information on the direction and magnitude of any forces acting on the 
head. These organs are orientated primarily to monitor the direction of 
the gravitational vector, but they also respond to linear acceleration, and 
the linear components of angular acceleration. The otolith organ consists 
of a membrane containing particles of calcium carbonate (otoconia), supported 
by the cupular membrane, in which are embedded the hairlike projections of 
sensory cells. The otoconia have a density of about 2.7, and move in 
response to gravity or acceleration, setting up a shear stress in the cupular 
membrane, which results in stimulation of the sensory cells. In the absence 
of gravity, there is thought to be very little output from the sensory cells, 
except when rapid head movements are made. The loss of the output from the 
otolith cells can lead to a feeling of inversion, which has been observed 
by some astronauts (Berry, 1973b), and which was the paramount sensation 
experienced by the author on exposure to zero-G in an aircraft flying a 
series of parabolic trajectories. The reduction in otolith output, combined 
with normal inputs from the eyes and semicircular canals, presents the brain 
with «conflicting inputs*, which in some indivuals give rise to a form of 
motion sickness peculiar to spaceflight (Pestov and Gerathewohl, 1973).
27.
Apart from the vomiting which occasionally accompanies this * space sickness* 
(Berry, 1973h), there is no evidence to suggest that the vestibular system 
could affect body composition, and while this possibility cannot be 
dismissed entirely, it is not proposed to consider it further in this work.
3.2;2 Cardiovascular System
The effect of weightlessness on the cardiovascular system has received 
a great deal of attention since the beginning of manned spaceflight. Pestov 
and Gerathewohl (1973) summarise current thinking as follows. Abolition of 
the normal hydrostatic gradient from head to foot, on exposure to 
weightlessness, results in a redistribution of the blood volume, with less 
blood being pooled in the legs, and more in the upper half of the body, due 
principally to the high elastic and muscular recoil of the veins in the legs. 
There is an increase in central venous pressure, and the veins of the head 
and neck become engorged, resulting in hyperaemia of the mucous membranes of 
the nasopharynx, and a feeling of fullness and general discomfort in the 
head and neck. The increase in central blood volume appears to trigger the 
Henry-Gauer reflex (Henry et al 1936), which is mediated by stretch 
receptors in the left atrium, and which results in a diuresis by inhibition 
of production of anti-diuretic hormone (ADH). At the same time, thirst 
decreases, and a negative water balance is established. Postflight changes 
in serum sodium and potassium led Leach et al (l970) to suggest that in­
flight losses of these elements had occured, and they suggested that this 
had been caused by the supression of aldosterone production. Berry (1973) 
elaborated on this hypothesis, suggesting that during the first 48 hours in 
orbit, losses of water, sodium and potassium occured, after which ADH and 
aldosterone production resumed, leaving the body in a new stable state, with 
a decreased plasma volume and intracellular volume. Although much of this 
hypothesis is speculative, being based solely on postflight measurements, it 
has not been challenged. There is little information available, however, 
on the magnitude of the changes, although Berry does suggest a figure of
1.4 kg for the inflight water loss, based on the postflight weight changes.
The other cardiovascular consequences of weightlessness, while possibly 
of serious concern for man*s well being in prolonged spaceflight, are less 
obviously related to body composition. Pestov and Gerathewohl (1973) 
consider that the most serious consequence of exposure to zero-G is 
orthostatic intolerance on return to earth, presumably as a direct result 
of the reduction in plasma volume. The reduced orthostatic tolerance has 
been observed as a tendancy to develop high pulse rates, followed by syncope, 
on exposure to prolonged standing, to the vertical posture on a tilt table.
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or to suction over the lower part of the body. Other changes seen include 
a lower resting pulse rate and smaller pulse pressure, but an increased 
pulse rate on exposure to the decelerative forces of atmospheric re-entry. 
During the Apollo 15 mission potentially serious cardiac arrhythmias were 
observed (bigeminy, and premature atrial and ventricular contractions), which 
were ascribed to potassium deficiency and fatigue. Following a revision of 
the diet and work schedule, no episodes of this type occured on subsequent 
missions (Berry, 1973b).
Decreased red cell mass has been found regularly among astronauts 
returning from space flights, from the time when it was first documented on 
Gemini 5. In 1974, Johnson et al stated that until the results from Skylab 
became available it was thought that the loss of red cells resulted from 
intravascular haemolysis, due to the hyperoxic atmosphere of the spacecraft. 
The Skylab findings will be reviewed in section 3.3.
3.2.3 Muscles
The following comments on the subjective effects of zero gravity on the 
muscular system have been derived from informal conversations between the 
author and the Apollo and Skylab astronauts.
Zero-G affects the muscles of the body by removing the need to counteract 
the force of gravity. As on the ground, the respiratory muscles are in 
constant rhythmic activity, ventilating the lungs, but the use of muscles in 
locomotion and posture control is greatly modified. Locomotion about a 
spacecraft takes the form of «pushing off* to start a journey (usually with 
the hands, although the feet are sometimes used), and «catching hold* with 
the hands at the destination. There is thus a change in emphasis from the 
use of the legs to the use of the hands and arms, and a considerable 
reduction in the muscular effort involved in moving from one place to another. 
The changes occuring in posture control are a little more involved. When 
doing nothing, in zero-G, no posture control is required, and the body adopts 
a half—crouched position "with the shoulders hunched up, and the hands out in 
front, and the knees bent" (Kerwin, 1974). However, much of the time during 
spaceflight is spent performing one or another task, for which control of 
posture is required. If the subject is not tethered, the smallest force 
applied by the body will cause him to float away from the work area. In 
order to overcome this difficulty, foot, leg and waist restraints are used. 
Nonetheless, some muscular effort is required to stabilise the body against 
these restraints when performing any task involving arm or hand manipulation. 
There is thus an overall reduction in muscular activity in zero-G, and 
also a change in the pattern of that activity. In order to prevent too much
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deterioration in their phsical fitness from occuring, many of the astronauts 
have performed some form of muscular exercise while in orbit (Berry, 1975b).
The consequence of this reduced muscle activity, particularly in the 
large gravity-opposing muscles, has been a reduction in muscle bulk, 
evidenced in man by reduced girth of calf and thigh (Pestov and Gerathewohl, 
1975). This has been confirmed in rats exposed to zero-G by a loss in the 
weight of the soleus and extensor digitorum longus muscles, a reduction in 
myofibril diameter, and the histological changes of partial muscle atrophy 
(llyina-Kakueva et al 1976). The changes observed in the rats, which 
spent 22 days in orbit, were indistinguishable from those occuring in rats 
subjected to prolonged immobilisation, and were intermediate in severity 
between those in the immobilised rats, and those in rats which had acted as 
ground-based controls for the flight animals. Other evidence for partial 
muscle atrophy in spaceflight has come from the negative nitrogen balance 
observed on the Gemini 7 flight, and the postflight reduction in work 
capacity observed after many American and Russian flights (Berry, 1973b).
3.2.4 Skeleton
Decreased stress on the skeleton in zero-G results in a resorption of 
bone mineral. X-ray densitometry measurements on the bones of the astronauts 
on some Gemini and Apollo flights having indicated losses of density of up 
to 25^ in the distal radius and ulna, and 15^ in the os calcis (Mack et al, 
1967; Mack and Vogt, 1971). However, it has since been reported, the 
losses were probably overestimated, due to methodological problems (Vose, 
1974). Using a monoenergetic gamma ray absorption technique, no significant 
losses were detected in the radius or ulna of the Apollo 14, 15 or I6 crews, 
although a loss of density of up to 7^ was observed in the os calcis of two 
of the crew of Apollo 15 (Vogel and Whittle, 1976). Measurements of urinary 
calcium on Gemini 7 and Soyuz 9 confirmed the skeletal demineralisation in 
zero-G (Berry, 1973b), but no reliable estimates of the magnitude of the 
changes were available before the Skylab flights.
3.2.5 Fat Deposits
The observed change in weight in astronauts between the time of launch 
and that of recovery has ranged from a 0.5 kg gain to a 5.7 kg loss, the 
mean for 54 subjects being a 2.77 kg loss, s^rith a standard deviation of 1.44 
kg (calculated from data of Berry, 1973b, and Popov, 1975). There has long 
been speculation that at least part of the observed weight loss was due to 
the loss of body fat, as a result of an inadequate caloric intake.
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On most spaceflights to date, only part of the available food has been 
consumed, typical figures being a mean consumption of 1644 kcal/day for the 
6 astronauts on Gemini 4, 5 and 6, from a total of 2546 kcal/day provided 
(Popov, 1975)» and a mean consumption of I68O kcal/day for the 33 Apollo 
astronauts, who were provided with 2800-3000 kcal/day (Pestov and 
Gerathewohl, 1975). Although Vanderveen and Allen (1972) predicted that 
caloric requirement would be decreased in flight, the reduction is^as 
estimated at only 350 kcal/day for a 70 kg man, whereas the observed 
reduction was of the order of 900-1000 kcal/day. That the inflight caloric 
requirements were probably greater than the actual food consumed is 
suggested by the amount of carbon dioxide absorbed in the spacecraft air- 
conditioning system, which was equivalent to 2219 kcal/day on Gemini 7y and 
was similar on other American and Russian flights of over 24 hours duration 
(Berry, 1973b).
The reason for the decreased food consumption has not been explained 
adequately. In some cases vestibular symptoms undoubtably played a part 
early in the flight (Berry, 1973b), possibly combined m t h  psychological 
factors, such as excitement or tension, and with a general dislike of the 
complications surrounding feeding in the spacecraft, which astronaut A.L. 
Bean told the author was "like having a picnic in a car",
3.3 Sltylab Results
Experiments performed in the Slcj^ lab programme have added considerably 
to our understanding of the physiology of weightlessness. In the field of 
body composition studies, in addition to the results of the present 
investigation, useful information has been obtained on changes in total 
body water and potassium, to be considered further in Chapter 5, and on the 
loss of red cells mass, the skeletal loss of calcium, and the inflight 
changes in body mass.
The theory that the loss of red cell mass was due to haemolysis, 
brought about by the high partial pressure of oxygen in the spacecraft, was 
abandoned when losses in red cell mass of 12 - I6 ^ were observed in the 
SL-2 crew, the Skylab atmosphere being virtually norraoxic (Johnson et al, 
1974), Losses in the SL-3 crew ranged from 6 to 20^, and in the SL-4 crew 
from 5 to 8^. Johnson et al postulated that the initial loss was caused 
by increased splenic removal of older red cells, early in the mission, 
possibly as a result of increased portal venous pressure, and that red cell 
production is not increased to make up for thé loss, because the reduced 
plasma volume results in haeraoconcentration, which suppresses
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erythropoeisis. They also suggested that an increased serum phosphate 
level, from the demineralisation of bone, would cause a right shift in the 
oxygen dissociation curve, which again would inhibit erythropoeisis.
After 30 days in orbit, they suggest, red cell production is recommenced. 
Much of this theory is speculative, as the only data available consisted 
of the postflight red cell masses, quoted above, and postflight réticulocyte 
counts, which were reduced in the SL-2 crew, normal in the SL-3 crew, and 
raised in the SL-4 crew. Johnson et al gave the magnitude of the red cell 
loss as 200 - 300 g, which represented 8 - 10 ^ of the observed weight loss.
Two Skylab studies provided data on the skeletal loss of calcium - the 
inflight mineral balance experiment, and the pre- and postflight measurement 
of bone density. The results from these experiments wall be discussed in 
detail in section 7.1.4. The mineral balance experiment, reported by 
Whedon et al (l977), revealed a steady increase in urinary calcium excretion 
for the first 3-4 weeks of the flight, after which it stabilised at about 
double the preflight level. The mean loss of the caMum during the 4th 
week wras 155 mg/day, equivalent to losing about Vjo of the total body calcium 
in 3 months. \^iedon et al regarded this loss as insignificant for short 
flights, but expressed concern for the integrity of critical bones after 
flights lasting a year or more. The bone density measurements, reported 
by Vogel and \üi±ttle (l974), showed no losses from the radius or ulna, but 
3 of the subjects had losses of between 4 and 8fo in the density of the os 
calcis. This loss in density was interpreted as being due to a local 
demineralisation, as a result of the removal of gravitational stress.
Although the loss of calcium is probably the most serious threat to 
men undergoing very long space flights (see Chapter 9), it is responsible 
for very little of the observed postflight weight loss. A calcium loss 
of 155 mg/day for 84 days would amount to only 13 g. According to Harris 
and Donovan (1961), the majority of the calcium in bone is in the form of 
hydroxyapatite (C&2Q(P0^)^(0H)2), which is 39.8^ calcium by w^eight, so that 
even if the whole molecule is considered the losses would still be only 
33g, or about I fo  of the observed weight loss.
Body mass was determined daily on Skylab - the first time such a 
measurement has been possible. The results were reported by Thornton and 
Ord (1977). The present author prepared a detailed tabulation of the day- 
by-day measurements, for circulation to all Skylab investigators, a copy 
of w h^ich is reproduced in the appendixc Figure 3-1 shows in
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Figare 3-1: Mean Body Mass of SkvlaB Astronauts around Launch and Recovery
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diagrammatic form the mean changes in body mass occuring around the time 
of launch and recovery, for the 9 Skylab astronauts. The slight 
•overshoot* in both the initial weight loss following launch, and the 
initial weight gain following recovery, is an artefact, due to missing data 
points. If this is neglected, the change at the beginning of the flight is 
about 1.5 kg, and at the end about 1,3 kg. Thornton and Ord (1977) 
speculated that the abrupt loss of mass at the beginning of the flight may 
have been, at least in part, due to insufficient intake of food and drink, 
as a result of anorexia.
As Antipov et al (l975) have pointed out, there is no way to be certain 
that the physiological changes resulting from spaceflight are due entirely, 
or even principally, to weightlessness. It is possible that some of the 
changes observed may have a psychological basis, as a result of the mental 
stress of being in a dangerous and very demanding situation. Antipov et al 
also suggest that, although radiation by itself is not knoim. to produce 
physiological changes such as those observed, it is possible that the 
combination of radiation and weightlessness may have a synergistic effect on 
the body. However, in the absence of evidence to the contrary, it will be 
assumed that the physiological changes observed are due entirely to 
weightlessness, which has been described by Pestov and Gerathewohl (1975) 
as "the unique and extreme spaceflight factor".
In summary, there is evidence that the body loses fluid, muscle, fat, 
red blood cells and bone mineral, as a result of exposure to zero gravity. 
The loss of red blood cells amounts to 200 - 300 g, and that of bone mineral 
up to 50 g, out of a mean loss in mass of around 2.8 kg. The remaining 
loss in mass is presumed to be a combined loss of water, fat and muscle, and 
it is to the investigation of the losses from these three compartments that 
the present study is devoted.
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CHAPTER 4 
THE BIOSTEREOMETRIC TECHNIQUE
The biostereometric study of the Skylab astronauts was performed by 
stereophotogrammetry, using 4 cameras to produce 2 stereopairs of photographs 
of the subject. The technique was developed during the 1960’s by Herron 
and others, and has been described by Herron et al (196?) and Hugg (l974).
4*1 Photography
The photographic equipment is illustrated in Figure 4-1. Four 
Hasselblad *C* cameras, with 38 mm f 4.5 lenses, were mounted in two pairs.
The backs of the cameras had been modified to accept 6.3 cm square glass 
plates, and to record fiducial marks on the plates to facilitate alignment 
during the subsequent plotting process. The cameras were mounted on a tri­
pod, and care was taken to ensure that the axes of the cameras were parallel 
with each other, with a separation of 50.8 cm, and with the floor, at a
height of 90 cm. The photographic plates were 1.83 m from the plane of the
’control stands’, on which the cameras were focused. The two control 
stands were portable structures consisting of a light telescopic stand, 
supporting a steel tape measure marked in inches, and four pairs of discs or 
’targets’, separated by a fixed distance (l5»555 cm) in the axis perpendiclar 
to the control plane. The control plane was defined by the two steel tapes, 
which were placed opposite each other, and about 90 cm apart, the subject 
standing between them. The subject was nude, except for an athletic 
supporter, and he wore an elastic skull cap to press his hair do\m. The 
subject stood on a pair of ’footprints’ on the floor, to provide a 
reproducible location for the feet, and he was instructed to hold his arms 
straight, and a little way away from the body, with the palms facing backwards, 
and the fingers and thumbs pressed together. When the subject was ready, he 
performed a maximum forced exhalation, and signalled its completion by closing 
his eyes, at which.point the shutters were fired.
Between each pair of cameras was mounted a strobe-projector, which 
projected a pattern of lines onto the skin of the subject. The strobe-
projector consisted of a 500 joule electronic flash tube, a condenser, a 35 mm
transparency of a pattern of randomly arranged lines, and a 36 mm f 3.0 
projection lens. The four cameras were fired remotely, using solenoids, and 
each strobe-projector was fired by one of the two cameras adjacent to it.
All four solenoids were energised together, so that the shutters operated 
virtually simultaneously. The body of the subject blocked the light from 
the strobe-projector at one end from reaching the cameras at the other end.
TAPE
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Figure 4-1: Diagram of Photographic Apparatus
In order to obtain satisfactory exposure of the top of the head and the 
shoulders, the room lighting vas used to augment, but not to obliterate, 
the light from the strobe-projeetors. This vas achieved by using the 
cameras at full aperture (f 4.5), and adjusting the shutter speed according 
to an exposure meter reading of the room lighting. The projection onto the 
skin of a pattern of lines markedly improved the ability of the stereoplotter 
operator to locate the skin surface.
The photographs vere taken in black and vhite, on Kodak plates 
(ASA 250), and vere developed for 8 minutes in DK 50 developer. The subject 
vas photographed tvice on each occasion, to provide a duplicate set of plates 
in case of equipment malfunction, or accidental breakage of a plate.
4,2 Stereoplotting
At its simplest, stereophotogrammetry involves photographing a scene vith 
a pair of cameras, separated by some distance, and then using the developed 
images to reproduce the original scene in three dimensions. Many types of 
plotting device are available, from the simplest stereoscope, vhich permits 
visualisation in three dimensions, but not measurement, to the most advanced 
computer-controlled stereoplotters, vhich are able to make three-dimensional 
measurements from stereopairs obtained vith a vide variety of equipment.
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under many different conditions.
The stereoplotter used in the present study was a Kern PG 2 mechanical 
projection instrument. It was designed for a larger format than the plates 
obtained from the Hasselblad cameras, and the negatives required enlargement, 
on a precision enlarger, to produce 25,4 cm square transparencies. The 
fiducial marks in the corners of the image were used to align each plate with 
the optical axis of the appropriate stereoplotter lens, and the geometrical 
relationship between the two plates was adjusted until the control plane, 
defined by the two steel tape measures, was normal to the optical axis of the 
plotter. The output of the stereoplotter was coupled to three digitisers, 
which measured the position, in arbitrary units, of a * target* within the , 
image of the photographed scene, in each of the three mutually perpendicular 
coordinate axes. The coordinates of the location of the target at any 
moment could be punched on IBM computer cards, on command from the operator. 
All three coordinate axes were set to zero at a small hole through one of the 
steel tapes, adjacent to the subject*s left hand. The hole through the tape 
was visible from both in front and behind, enabling the same zero to be used 
for both front and back stereopairs.
Figure 4—2 illustrates the coordinate system used for the stereoplotting, 
with the axes labelled U, V and W from an origin adjacent to the left hand of 
the subject. The first card to be punched identified the subject and the 
particular photographic session. The next three cards were the * scale cards*, 
used to provide scaling factors in the U and W axes, the V scale being 
assumed to be identical with the U scale, by symmetry. Each of the three 
scale cards was punched m t h  a code number in the first 8 columns, followed by 
4 sets of coordinates in the order V, U, W, On the first scale card the 
coordinates were of tape measure graduation marks above and below the centre 
of each tape, and separated by either 40 or 60 inches (101,6 . or 152,4 cm) in 
the U axis, (it was normal practice in the Biostereometrics Laboratory 
to work in inches rather than in centimetres). On the second and third scale 
cards the coordinates identified the front and back member of each of the four 
pairs of targets, providing the scale in the W axis.
The coordinates of the body surface were plotted as a series of horizontal 
planes. The stereoplotter was adjusted to a particular U value by using the 
scale markings on the tape measures. The target was then moved across the 
image of the body surface at that level, the V and W coordinates being 
determined for a series of points 1=3 nim apart, When the whole of a given 
body part had been plotted at that level, the stereoplotter was readjusted 
to the next U value, and the process repeated. The interval between
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Figure 4-2: Coordinate System Used for Stereoplotting
successive U values was 2 inches (5.08 cm) in areas where the contours were 
fairly gentle, such as on the trunlc and in the middle of the limbs, and 
1 inch (2.54 cm) in regions, such as the neck and anicles, where cross 
sectional area was changing rapidly. The body was plotted in five parts, 
as shown in Figure 4-2:
1) Head and trunk
2) Right Arm
3) Left arm.
4) Right leg
5) Left leg
This order was followed for both front and hack views, and consecutive 
points were always plotted around each body part in a clockwise direction, 
when viewed from above.
When the whole of the front of the body had been plotted, the stereopair 
for the back of the body was mounted in the stereoplotter, and adjusted and 
zeroed as before. The same origin and sign conventions were followed for
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Subject and session identification
Front: Scale card 1: Tape measure graduations
Scale cards 2 & 3: Front and back of targets
Highest point on forehead
Part 1: Head and trunk
Part 2: Right arm
Part 3; Left arm
Part 4: Right leg
Part 5: Left leg
Blank card
Back: Scale card 1
Scale cards 2 & 3 
Part 1 - blank card
Part 2 - blank card
Part 3 - blanlî card
Part 4 - blank card
Part 5
-1
Table 4-1: Summary of Raw Data Card Deck
the three coordinate axes. The data for the back of the body commenced, 
as before, with three scale cards, followed by the coordinate data for each 
body part in turn. The same U levels were used for the back of the body as 
for the front, the graduation marks being read from the other side of the same 
tape. Blank cards were used to separate the front data from the back, and 
also to separate the individual body parts on the back. The deck terminated 
with a single card with '-I* punched on it. The highest visible point on the 
head was punched as a separate level, on the front of the head only. The card 
deck of raw coordinate data is summarised in Table 4-1,
Stereoplotting is a highly skilled technique, and the high quality of the
coordinate data in the present study is a reflection on the ability of the two
operators who made all the measurements of the astronauts. It took
approximately one day to perform the stereoplotting of both front and back of
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a single subject, between 3000 and 5000 points being plotted for each subject, 
at between 40 and 50 horizontal levels, depending on the subject*s build.
Both the photographic and stereoplotting methods described were standard 
techniques of the Biostereometrics Laboratory of the Texas Institute for 
Rehabilitation and Research. The only innovations introduced for the 
present study were the use of * footprints* to locate the feet, and the 
practice of taking the photographs in maximum forced exhalation, which gives 
a more reproducible lung volume (Welch and Crisp, 1958). The methods of 
analysing the data, including the computer programs, were developed by the 
present author, for use in this study.
3 Data Analysis 1; Generation of *Levels* Data
The data analysis was performed as a series of steps, illustrated in 
Figure 4-3, using an ICL 1906S computer, at the Royal Aircraft 
Establishment, Farnborough.
The first step in analysis was to derive the scales in the U and W axes, 
using the *Look* program. The program examined first the coordinates of the 
upper and lower markings on the two steel tapes, for the front of the body.
The scale was approximately 10 cm per scale unit, and this enabled the 
program to determine whether the chosen scale markings were 40 or 60 inches 
apart, and hence to derive the scale. The U levels for all plotted data 
between +81 and -?6 cm were derived from markings on the tape measure, and 
this enabled a better estimate to be obtained for the scale in the U axis, 
by comparing all U values within those limits with the kno\m scale marks 
they represented, in a linear regression equation.
The scale in the W axis, for the front of the body, was derived from the 
coordinates of the front and back of each of the four pairs of targets, whose 
mean separation by direct measurement was 15.555 cm. The program then 
repeated these procedures, to find the U and W scales for the back of the 
body. The program listed the coordinates for both the tape measure scale 
markings and for the front and back of each target, in scale units and in 
centimetres, to enable them to be checked for obvious errors. Small 
plotting or punching errors in the coordinates for the body would be unlikely 
to have a significant effect on the final results, but an error in one of the 
scales would be reflected throughout the body, and would lead to an inaccurate 
total body volume. Errors of 0,01 or 0,02 scale units were found for a 
single target (out of the total of l6j, in four sets of data ^out of a total 
of 50), Had these errors not been corrected, the volume estimations for 
those sets of data would have been in error by 1 - 2^,
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Figure 4-3: Flow Diagram for Biostereometric Data Analysis
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The final task performed by the «Look* program was to compare the 
location of the reference plane for the back of the body with that for the 
front, by measuring the distance between target backplates. Despite the 
care taken in aligning the plates on the stereoplotter, there was usually 
some discrepancy between the two reference planes (overlap, separation or 
angulation). Kno^ving the actual distance between the target backplates, 
and comparing it with the apparent distance derived from the coordinate data, 
it was possible to calculate a set of correction factors. In practice the 
correction was a small one, generally altering body volume by less than 1^.
The output of the «Look* program was a set of numbers, referred to as 
«Scales* in Figure 4-3» which included the U and W scales for both front 
and back, and the correction factors which brought the reference plane for 
the rear of the body into line with the one for the front.
The next step in the data analysis was carried out by the «Cut*
program, which performed the following;
a) Convert coordinate data from machine units into centimetres.
b) Incorporate reference plane corrections for back-of-body data.
c) Combine data from front and back of body.
d) Determine location of top of head.
e) Revise coordinate origins to XYZ system.
The U, V and W coordinates for both the front and the back of the body 
were converted from machine units into centimetres, using the appropriate 
scaling factors calculated by the «Look* program. At the same time, the 
data from the rear of the body were corrected for any discrepancies between 
the front and rear reference planes. The half cross sections for the front 
and back of the body were then combined, level by level. The top of the
head was invisible to the cameras, and its coordinates were estimated by
reference to the highest visible point on the head, and the highest plotted 
cross section.
The UVW coordinate system suffered two disadvantages - it bore no fixed 
relationship to the position of the body, and it contained large numbers of 
negative values, the signs of which occupied unnecessary mass storage in the 
computer. These problems were overcome by transposing the coordinates to a 
new origin, illustrated in Figure 4-4, when they were renamed Y, X and Z, 
respectively. The new origin was at the level of the floor, and was 1 cm 
beyond the extreme values reached in the +V and -W directions. In other 
words: Xo = Maximum V + 1 cm
Yo = Minimum U 
Zo = Minimum W - 1 cm
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Figure 4-4; Revision of Coordinate System from UVIV to XYZ
The sign in the V axis was reversed, to give *convential* signs in the X 
and Y axes. The result of this transformation was that all signs were now 
positive, and could be omitted, and all Y values referred to height above the 
floor.
The various steps involved in data analysis are best illustrated by 
following the progress of a typical block of data - the middle finger of the 
right hand of subject CR, on the 7th occasion on which he was photographed 
(CR7).
The vertical separations of the plotted points on the two tape measures, 
for the front of the body, were 16.552 and 16.562 machine units, for points 
60 inches (152.4 cm) apart, giving a U scale of 9.205 machine units/cm.
The *Look* program revised this to 9.202 by fitting a regression equation 
to all plotted U levels and their corresponding levels on the tape measures. 
The separations of the target frontplates and backplates were 1.675, 1.683, 
1.694 and 1.690 machine units. The measured mean target separation was 
15.555 cm, giving a scale in the W axis of 9.229 machine units/cm.
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The raw data for the front of the suhject*s finger were as follows:
71-03585+07623-00378+07593-00412+07541-00427+07474-00424+07437-00386 
This is interpreted:
Subject 7 (CR) ' Side 1 (Front)
U -3.585 V 7.623 7.593 7.541 7.474 7.437
W -0.378 -0.412 -0.427 -0.424 -0.386
The corresponding data for the back of the finger, which contained more 
plotted points, were as follows:
Subject 7 (CR) Side 2 (Back)
U -3.611 V 7.481 7.506 7.548 7.601 7.647 7.665 7.674
W -0.351 -0.297 -0.263 -0.277 -0.301 -0.338 -0.366
The data were converted to centimetres using the scale factors:
Front: U scale 9.202 W scale 9.229
U -32.99 V 70.15 69.87 69.39 68.78 68.44
W -3.49 -3.80 -3.94 -3.9 1 -3.56
Back: U scale 9.131 W scale 9.106
U -32.97 V 68.31 68.54 68.92 69.40 69.82 69.99 70.07
W -3.20 -2.70 -2.39 -2.52 -2.74-3.08 -3.33
The coordinates were transformed to the XYZ system, by changing the
origin, using the maximum and minumum values for the coordinates for the
whole block of data: X = Maximum V + 1 cm - V = 73.23 + 1 -  V = 74.23 - V
Y = U - Minimum U = U - (-96.05) = U + 96.05
Z = W - Minimum W - 1 cm = W - (-18.59) - 1= W. + 17.59
The data thus became:
Front: Y 63 .06 X 4.08 4.36 4.84 5.45 5.79
Z 14.10 13.79 13.65 13.68 14.03
Back: Y 63.08 X 5.92 5.70 5.31 4.83 4.41 4.24 4.l6
Z 14.40 14.89 15.20 15.07 14.85 14.52 14.26
The Z coordinates for the back of the finger were finally corrected for 
the discrepancy between the two reference planes. In the region of the 
subject*s head the correction involved subtracting 0.09 cm from the Z.values,
and around his feet adding 0.04 cm. At the level of the right hand, the
correction required subtraction of 0.014 cm. This correction was made, and 
the data from the front and back amalgamated, the first point being repeated 
at the end, so that the section * joined up* for area measurement. The mean 
Y value of all sections at that level was used, in this case two leg 
sections being combined with the finger to give a final Y value of 63.02 cm.
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Figure 4-5; Plot of data described in text
The final output of the *Cut* program vas the ‘Levels* data, in vliich 
all the corrections had heen made. Although the data are only quoted to the 
second decimal place, intermediate calculations vere performed to at least 
six decimal places, to prevent the accumulation of ‘rounding errors*. In 
their final form, the data from the finger vere as follovs:
Y 63.02
X 4.08 4.36 4.83 5.45 5.79 5.92 5.70 5.31. 4.83 4.41 4.24 4.16 4.08 
Z 14.10 13.79 13.65 13.68 14.03 14.38 14.97 15.18 15.06 14.84 14.50 14.25 14.10
The cross section is plotted in Figure 4-3.
4.4 Data Analysis 2; Graphics Outputs
Taking the ‘levels* data as their input, three programs generated 
computer-graphic plots in the next stage of data processing.
4.4.1 ‘Sect*
The ‘Sect* program plotted an entire coordinate description, as a series 
of cross sections, or ‘slices*. Each plotted point appeared as a cross, and 
the points vere joined by a smooth curve, vhich vould later be fitted to the
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Figure 4-6; Output of *Sect* Program
points for the purpose of measuring the area of the cross section. Figure 
4-6 illustrates the * slice* described in the last section (CR7 at Y = 63,02 cm). 
In addition to the single finger on the right hand, the cross sections of both 
thighs are present. The cross in the middle of the sections is the arithmetic 
mean of the corresponding X and Z coordinates, which is used in fitting the 
smooth curve to the data.
The * slices* were used to detect errors in plotting or punching, which 
would appear as misplaced points, and could readily be found by eye. In 
practice, only three points were found which were obviously misplaced, and 
these were corrected by reference to adjacent points. Three data sets, 
however, were found to have one half of a cross section missing, for a single 
body part, and this was interpolated by reference to the section above and 
the one below,
4,4,2 *Arms*
The *Arms* program generated, on a single plot, cross sections through 
the shoulder region and the top of the arms. In the plotting process, the 
arms were separated from the trunk by a horizontal plane, as shown in Figure 
4-2, but it was found by experimentation that a much more reproducible estimate 
of arm volume could be obtained if a vertical separation plane were used instead. 
Each *arms* plot was superimposed, in turn, on the first postflight plot, and 
the best fit for each pair of plots was established by eye. Two vertical 
planes were then defined which would divide the arms from the trunk on all the 
sets of data. The coordinates for these planes were then measured, for each 
data set, and used as the *arm cutoffs* in the subsequent analysis. Figure 
4-7 illustrates one *arms* plot, with the cutoff planes draw in.
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Figure 4-7; »Arms* Plot m t h  Cutoff Planes (seen from above)
The first postflight measurement m^,s considered to he the most 
important from the viewpoint of interpreting volume changes, and it was taken 
as the * standard* with which the other sets of data were compared. The 
cutoff planes differed from one data set to another because of differences 
in posture, and differences in the relationship between the position of the 
shoulders and the coordinate origin. In the calculation of cross sectional 
areas, everything between the two cutoff planes, in the region of the 
shoulders, was regarded as * trunk*, and everything outside them was regarded 
as one or other arm.
4.4.3 lëide*
The third of the graphics programs, *Side*, produced frontal and side 
views of the subjects from the coordinate data. The program determined, for 
each body part, the maximum and minimum values in both X and Z axes, for each 
plotted Y level, and produced the outline plots illustrated in Figure 4-8,
The * triangle* in the right axilla results from the wedge shape of the upper 
chest (see Figure 4-7), and is allowed for by the inclination of the arm 
cutoff planes.
The plots were used to estimate the position of 4 body landmarks. As 
with the * arras* plots, the first postflight measurement was taken as the
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Figure 4-8: Side and Front Views Generated by *Side* Program
* standard*, and the following points were estimated by eye, on both front 
and side views:
Midpoint of neck
Lower edge of buttocks (gluteal fold)
Anltle (level of malleoli)
Wrist joints
Because the posture of the body varied slightly from one photograph to 
another, the same horizontal levels could not be used for all sets of data.
The location of the landmarks was determined by superimposing each plot, in 
turn, on the first postflight plot, judging the best fit between the two plots.
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by eye, and marking the position of the landmarks.
The procedure was a critical one, because the levels chosen were the 
•cutoffs* which would define the volume of individual segments of the body, 
later in the analysis. It was thus necessary to adopt a standardised 
procedure in order to avoid errors. The frontal and side views were 
assessed independently, and if the estimated position of a landmark differed 
by more than 3-4 mm between the two views, the process was repeated, until a 
value emerged which was *reasonable* for both. The level of each landmark 
was estimated from a number of different features on each view, e.g. for the 
neck, on the side view - the contours of the back of the head, the back of 
the trunk, the front of the chest and the chin; on the frontal view - the 
contours of the head, the shoulders and the upper chest. In most cases 
agreement between estimates was within 3-4 mm, and a mean value of the two 
estimates was taken. At a later stage in the analysis the horizontal levels 
were further checked, by comparing, for each data set, the volumes of the body 
segments on either side of the landmark. If the landmark was misplaced, it 
was apparent because the volume on one side of it was too great, and that on 
the other side \ms too small. In such a case, the plots were re-examined to
ensure that moving the horizontal cutoff, as suggested by the volume
measurements, was reasonable. In most cases the amount by which the landmark 
needed to be moved was only 1 or 2 mm, which was beyond the resolution provided
by the frontal and side plots, which were at a scale of 1;5> and merely
represented a *fine tuning* of the landmark level.
In addition to the horizontal cutoffs obtained as described above, three 
intermediate levels were used. The method of obtaining them was arbitrary, 
but was consistently applied to all the data examined, as follows:
Top of abdomen - 42 cm above gluteal fold
Top of buttocks - 21 cm above gluteal fold
Knees - 55^ of distance up leg from ankle to gluteal fold
The use of distances above the gluteal fold to define the cutoffs, rather than 
a proportion, such as was used for the knees, was instituted when it was found 
that most of the change in volume distribution resulting from a change in 
posture was reflected in the shoulder region, and that upward or doAvnward 
movement of the neck cutoff should not be followed by similar movement of the 
two cutoff levels below it.
4.5 Data Analysis 3» Calculation of Cross Sectional Areas
The *Area* program was used to calculate, from the * levels* data, the 
area of each cross section of the body. It also made use of the *arm cutoffs*.
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as previously described, to divide sections in the shoulder region into a 
* trunk* portion and portions for the two arms.
An essential feature of the program was that it joined up the plotted
points not by straight lines, but by a smooth curve. Most of the body contours
are curved, and this particularly applies to the regions around the sides of
the body and limbs, which could not be plotted because they were invisible to
one or other of each pair of cameras. The curve was an approximate
Archimedean spiral, fitted between each pair of adjacent points, as ,
illustrated in Figure 4-9. The program first calculated the arithmetic
mean of the X and Z coordinates, to provide a «centre* for the section.
Each pair of points was then examined, and the distance of each point from
the centre (R, and R ), and the angle between them, was calculated. The area 
1
between the points and the centre was measured as the sum of the areas of a 
series of thin triangles, each with an angle of 0.02 radians at the apex 
(exaggerated by a factor of 10 in the diagram), and with the lengths of the 
sides increasing linearly from R^ to R^. A residual triangle was left after 
the area had been filled with complete 0.02 radian triangles, and the area of
this was calculated and added to the total.
Where the angle between successive points was less than 0.02 radians 
(including negative angles, which were encountered on re-entrant body 
contours), the two points and the centre were treated as a simple triangle
for area determination. The only deviations from the procedures described
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were where the arm cutoff planes divided a section into trunk and arm 
portions, which had straight edges at the cutoff plane, and on the inner side 
of the foot, which was invisible to the cameras, and was represented by a 
straight line, rather than by a spiral segment from the heel to the big toe.
The calculation of area will be illustrated using the data examined 
previously, and plotted in Figure 4-5. The centre point, obtained by taking 
the mean of all the X and Z coordinates (omitting the repetition of the first 
point) is:
X 4.92, Z 14.36 
Consider only the first two points:
Point 1: X 4.08, Z 14.10 Point 2: X 4.36, Z 13.79 
The lengths of the lines joining the centre to each of these points, 
and Rg, and the included angle, are obtained by conventional methods:
R^ 0.879 cm Rg 0.799 cm Included angle 0.493 radians (28.2 degrees) 
The difference between R^ and R^ is 0.799 - 0.879 =-0.080 cm, which is the 
amount by which radius from the centre to point 1 must change as it moves 
through an angle of 0.493 radians, in progressing to point 2. For each step 
of 0.02 radians it must change by -0.080 x 0.02/0.493 = -0.0033 cm.
The segment between R^ and R^ is made up of 24 small triangles, each with 
an apex angle of 0.02 radians (total 0.48 radians), and a single residual 
triangle, immediately before point 2, with an apex angle of 0.493 - 0.48 
= 0.013 radians.
The area of the small triangles is calculated by the formula:
Area = a b sin C, where a and b are the lengths of the sides, and C is the 
included angle. Calculation of the area of the sector, by means of the small 
triangles, proceeds as follows:
No. Side a Side b Area
2
Cumulative area 
2
cm cm cm cm
1 0.879 0.8758 0.0154 0.0154
2 0.8758 0.8725 0.0153 0.0307
3 0.8725 0.8693 0.0152 0.0458
• • • • •
• • ■ • • •
. . .. . .
23 0.8076 0.8044 0.0130 0.3261
24 0.8044 0.8011 0.0129 0.3390
The final triangle, with an apex angle of 0.013 radians, compleues
0.8011 0.799 0.0083 0.3473
■ - ■
The area between each successive pair of plotted points is calculated
2 .
in the same way, giving a total area for the section of 2.13 cm . This 
area, together with the Y level of the section and the body part number (l-5), 
is stored in the *areas* data file, for use in calculating body volume.
It will be noted that the areas in the table above have been quoted to
4 places of decimals. It is necessary to work to several places of decimals,
not because the final figures could be expected to be of such accuracy, but in
order to prevent the accumulation of rounding errors in calculations involving
many hundreds of steps. The areas being measured on this section are
extremely small, but the section is the smallest in the body. In calculating •
the area of the trunlc, each of the 0.02 radian triangles had an area of 4-5 cm ,
2
and the total area for the section was 600-800 cm .
4,6 Data Analysis. 4: Calculation of Volumes
The calculation of volumes, by integration of the cross sectional areas
with respect to length along the Y axis, was performed by the *Vol* program.
It was felt that accuracy would be lost if it were assumed that area changed 
in a linear fashion between one cross section and the next, J.R. Cuzzi, of 
the Biostereometric Laboratory, Texas Institute for Rehabilitation and 
Research, told the author that he had show experimentally that the body is 
best represented as a series of short conical segments. A parabolic curve, 
which is obtained by integrating the cross sectional area of a cone with respect 
to height, was thus fitted to the data. The program calculated the constants 
for this curve between each pair of Y values, for each body part. It was
then supplied with the cutoff levels for the different segments of the body,
obtained from the front and side plots, and it calculated the Volume of each 
segment by integration between the upper and lower cutoff levels. In some 
cases, e.g. the top of the head, the tips of the fingers, and the soles of 
the feet, the cutoff level was the end of the data for that part of the body.
The output of the program listed the volume of 14 segments of the body, as 
show in Table 4-2*.
As mentioned previously, the volume of each segment was examined, for all 
of the photographs of a given subject, in order to determine whether the 
horizontal cutoff levels were correctly located. If any of the cutoffs 
needed to be changed, the *Vol* program was run again with the revised value, 
and the final results checked in the same way.
The last stage m  the computer analysis of the data was performed by the 
»Add* program. This was a very simple program, which merely added together 
the volumes of different combinations of body segments, giving a final 
list which included combinations such as *trunlc*, * thighs*, *calves*.
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Arm Cutoffs: 12.7 48.8 15.6 48.4
Part Upper Limit 
cm
Lower Limit 
cm
Volume
litres
Name of Part
1 173.91 151.50 4.59 Head
1 151.50 119.30 17.89 Chest
1 119.30 98.30 11.55 Abdomen
1 98.30 77.30 12.68 Buttocks
2 144.00 81.40 3.40 Right Arm
2 ‘ 81.40 61.96 0.47 Right Hand
3 145.14 84.60 3.00 Left Arm
3 84.60 64.94 0.43 Left Hand
4 77.30 47.00 4.96 Right Thigh
4 47.00 10.10 2.52 Right Calf
4 10.10 0.00 1.01 Right Foot
5 77.30 47.00 4.79 Left Thigh
5 47.00 10.10 2.54 Left Calf
5 10.10 0.00 1.04 Left Foot
Table 4-2; Part-by-Part Volume of the Body
and (whole body», for use in the subsequent interpretation of the 
regional changes in body volume.
4.7 . Accuracy
The accuracy of the biostereometric technique may be examined at four 
levels - the inherent accuracy of the stereophotogrammetry, its ability to 
determine the volume of a solid object, its reproducibility in replicate 
volume determinations in man, and how it compares with other methods of 
measuring body volume.
4.7.1 Inherent Accuracy of the Stereophotogrammetry
Various factors combine to produce errors in the measurement of objects 
by stereophotogrammetry, in particular;
Camera lens - resolution, distortion, focus
Film - grain size, light scatter in emulsion, distortion of emulsion, 
film flatness 
Enlarger lens - resolution, distortion, focus 
Plotter - alignment, mechanical accuracy, backlash in gears
The total errors from all such causes can be assessed by examining the 
accuracy of measurements made in the three axes, and in combining data from
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the front and hack cameras,
Y axis - the initial stage in determining scale in the Y axis was to 
plot the coordinates of pairs of points 40 inches (lOl.6 cm) or 60 inches 
(152.4 cm) apart on the tape measures of the control stands. The final Y 
scales, however, were obtained from the levels of the coordinate 
description of the body, and were independant of the points on the tape 
measures, which may thus be used to estimate the accuracy of measurement 
in the Y axis, as follows;
No. of Points Nominal Mean Error in Mean Standard Deviation
Measurement Measurement
cm cm cm cm
112 101.6 101.593 -0.007 0.134
92 152.4 152.330 -0.070 0.090
The data for the points 101.6 cm apart contained two points which had 
obviously been mis-plotted. Their removal reduced the standard deviation 
(S.D.) to 0.070 cm. However, the occassional mis-plotting of points is an 
error to be expected in this technique, and a realistic estimate of the 
errors of measurement in the Y axis would be: 1 S.D. = 0 . 1 - 0 . 1 5  cm.
X axis - no specific tests of accuracy were performed for the X axis. 
However, all the sources of error which apply to the Y axis also apply to the 
X axis, and there is no reason to suppose that they would differ significantly 
in magnitude. The estimated accuracy in the X axis is thus:
1 S.D, = 0.1 - 0.15 cm.
Z axis - the accuracy of measurement in the Z axis depends not only upon 
the same factors which caused errors in the X and Y.axes, but also on the 
ability of the operator to fuse the stereoscopic images, and to discriminate 
changes in depth. It is generally agreed that an adequate stereophotogrammetric 
system will measure distances in the long axis of the system to an accuracy 
of better than 1 part in 1000 of the camera-to-subject distance, and that a 
very good system may achieve a resolution of 1 in 10,000 (Herron, 1972).
The accuracy achieved in the present study was estimated by examining the 
distance between the target frontplate and backplate for each of the 8 pairs 
of targets on successive measurements. The standard deviation for 400 
measurements was 0,057 cm, or 1 part in 3200 of the 1,83 m camera-to-subject 
distance, giving an estimated accuracy in the Z axis of: 1 S.D. = O.O6 cm.
Combining front and back data - the coordinates of points on the front 
of the body are plotted relative to a reference plane, defined by the steel 
tape measures. In theory, the points on the back are plotted relative to 
the same plane, but in practice it is impossible to align the plotter
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exactly, and there is always some separation, overlap or angulation between 
the two planes. The errors introduced by this may be estimated by measuring 
the distance, in the plotted data, between the backplates of adjacent targets 
on the front and back of the control stands. The standard deviation for 
108 measurements of the target backplate separation was 0.11 cm. The 
mathematical process designed to fit the back reference plane to the front 
one reduced this to 0.03 cm, but this is an indication of how well the 
correction appears to have been made, not how well it has actually been 
made. The errors introduced by combining front and back data are probably 
somewhere between these two estimates; 1 S.D. = 0.05 - 0.1 cm. This 
estimate of error may be combined (by adding variances) with the estimate 
of accuracy in the Z axis of 0.06 cm, giving a combined estimate for all 
sources of error in the Z axis of: 1 S.D. = 0.08 - 0.12 cm.
The effect of the errors of measurement in the three axes on the body 
volume determination may be assessed by assuming the body to be a solid 
approximately 30 cm.wide, 180 cm high and 20 cm deep. Taking the highest 
estimates for the standard deviation, 0.15 cm in the X and Y axes and 0.12 cm 
in the Z axis, the errors in volume caused by measurement errors in the three 
axes are as follows : X axis 0.5^> Y axis 0.08^, Z axis 0.6^. It will be
noticed that inaccuracies cause the least proportional error when 
measuring the greatest distances. The combined error in volume measurement 
(by adding variances) resulting from measurement errors in all three axes is:
1 S.D. = 0.8^. It should be noted that this is not the expected accuracy 
for the volume determination of human subjects, but rather the highest 
accuracy which could be expected of the system, in determining the volume 
of regular, solid objects the size of a man, which have no surfaces hidden 
from the view of the cameras.
4.7*2 Volume Determination of Solid Objects
Very little information is available on the ability of the 
biostereometric technique to measure the volume of solid objects, whose 
volume may be independantly verified. .Using basically the same system as 
in the present study, but with different cameras, Weissman (1968) reported 
the determination of the volume of "geometrical objects" by 
stereophotogrammetry, and found them to be within Vjo of the true volume, 
although he gave no details of the objects used, nor of how their "true 
volume" was measured.
Herron et al (l97l) examined the accuracy of the present camera system, 
using similar computational methods, in an experiment in which the volume of 
an anthropomorphic dummy was determined by stereophotogrammetry and by
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CN4 (original) CN4 (duplicate)
Head 4.38 4.15
Chest 13.41 13.87
Abdomen 9.72 9.96
' Buttocks 11.58 11.98
R Arm 3.15 3.27
R Hand 0.39 0 = 43
L Arm 3.22 3.23
L Hand 0.38 0.44
R Thigh 4.21 4.33
R Calf 2.32 2.50
R Foot 0.92 1.05
L Thigh 4.03 4.18
L Calf 2.32 2.52
L Foot 0.79 0.91
Total Body 60.82 62.83
Table 4-3: Replicate Volume Determinations of CN4
hydrostatic displacement. The present author has been unable to obtain a 
copy of this report, but according to Goulet et al (1974) agreement was "of 
the order of 1^"#
4.7.3 Replicate Volume Determinations in Man
Because of the high cost of the stereoplotting procedure, it was possible 
to perform only a single replicate determination of volume on the Skylab study. 
At each photographic session two sets of plates were exposed, but normally 
only one set was used. It was decided to select one measurement at random, 
and to perform stereoplotting and data analysis on the duplicate set of plates. 
The subject should not have changed significantly in volume (with the possible 
exception of degree of lung emptying), but he could have changed his posture, 
and errors in the plotting and analysis could be expected to cause volume 
differences between the two sets of data. The measurement chosen was the 
fourth photographic session of subject CN, designated CN4.
The volumes of the different parts of the body, and the total body volume, 
from the two sets of measurements, are listed in Table 4-3.
Each body part, except the head, was of greater measured volume in the 
duplicate determination than in the original. The total body volume in the 
duplicate determination exceeded that in the original by 3.3^. Statistical 
comparison between the two sets of data, body part by body part, gave a
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correlation coefficient of 0.9996, the two regression lines being almost 
identical, with a slope of 1.027. A paired it# test indicated that the 
differences between the two sets of data were significant at the Vjo level.
The statistical results indicate a systematic difference between the two 
sets of data, the duplicate determinations of volume exceeding the original 
ones by about % »  The discrepancies could not be attributed to variations 
in lung filling, as they involved all parts of the body, and not just the 
chest and abdomen. It must therefore be assumed that the difference is due 
to errors in the stereoplotting, or the data analysis, or both.
The body weight at the time of the measurements was 60.21 kg, giving a 
gross density (body weight/total volume) of 0.990 for the original 
measurement, and 0.958 for the duplicate. On all the other occasions on 
which subject CN was studied, his gross density was found to be between 0.986 
und 1.006. The original volume determination for CN4 gives a density 
within this range, whereas the duplicate is well outside it, suggesting that 
it is in error. Examination of the side and front views of the subject, 
generated by the iSide# program, suggested that the scales in the X and Y 
axes were correct, and that the difference in volume between the two sets of 
data was due to an error either in the Z scale, or in the correction of the 
reference plane between the front and back photographs. Examination of the 
scale cards of the duplicate set of data showed an unexplained displacement 
of one pair of targets from the reference plane. It would have been 
possible to correct this displacement, thereby bringing the volume 
measurements of the duplicate data nearer to those of the original, but it 
was considered more realistic to leave the results unchanged. The study 
indicates, therefore, that errors in volume of as much as %  may pass 
undetected. Errors of this magnitude may be suspected, however, when the 
gross density of a particular measurement falls very much outside the normal 
range of density for that subject.
4,7,4 Comparison with Other Methods of Volume Determination
Only one experiment has been reported in which the volume of subjects 
was determined both by stereophotogrammetry and by densitometry (Luft, 1975). 
The volume determination by stereophotogrammetry was performed in 
essentially the same manner as in the present study, except that the subject 
was required to take a maximal inspiration, and then to exhale slowly into a 
spirometer, until he had breathed out a predetermined volume, at which time 
the photographs were taken. The underwater weighing procedure measured the 
weight of the subject seated in a light metal chair, and immersed in a tanlt 
of water, the subject ducking his head beneath the water in order to make the
57.
measurement. Underwater weighing was performed ivith the same degree of 
lung filling as the stereophotogrammetry, and both measurements were corrected 
for the volume of air in the lungs, the residual volume being determined by 
nitrogen washout. Measurements were made on 10 male subjects. In the case 
of two subjects the measurements by the different methods were made two days 
apart, although their weight was within 100 g on the two occasions. The 
other subjects were measured by both techniques within an hour.
Luft found that stereophotogrammetry gave consistently higher values for 
body volume than underwater weighing, the mean difference between the two 
being 2.19 1, with a standard error of 0.27 1. The difference was 
significant at the 0.5^ level. There was a high correlation between the two 
sets of values, the correlation coefficient being 0.996. The regression 
equations were as follows:
y = 1.008 X - 2.791 x = 0.983 y + 3.392
where y is the volume by densitometry, and x is the volume by stereophoto­
grammetry.
Luft took the high correlation coefficient as evidence that both methods 
demonstrated a high degree of precision, and that the differences between the 
two methods were not due to measurement errors, but to a systematic difference 
in what was being measured. He regarded the results by underwater weighing 
as being more representative of the *true* volume of the subjects, as they 
gave values for body density, and hence for body fat, which were in close 
agreement with widely accepted published values. However, in view of the 
apparent precision of the stereophotogrammetry, he suggested using the first 
of the two regression equations to *correct# the volume measured by 
stereophotogrammetry to the value which would be given by underwater weighing.
Luft speculated that the overestimate of body volume by the 
stereophotogrammetric technique may have been due to the inability of the 
camera system to visualise certain body concavities - the armpits, groin and 
buttocks. He concluded that if further testing should confirm that this 
source of error was consistent, and amenable to correction, "the stereo 
method would be acceptable as a rapid, convenient and accurate method for 
estimating body volume".
4.8 Criticisms of the Biostereometric Technique
It is never entirely satisfactory to use a new, and relatively unproven, 
technique to perform an important experiment. In the present instance, 
however, no other technique would meet the constraints imposed by M S A  
management (section 1.4.5), and it was decided to attempt a study using
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biostereometrics. At that time, methods of data analysis were 
insufficiently developed to give very useful results, but it is a feature 
of stereophotogrammetry that the photographs form a permanent record, which 
may be analysed later, when techniques have been evolved. In the event, 
some very useful results were obtained, although it is probable that even 
more conclusions could have been dra\m from the experiment, had more 
background studies been performed using the method.
There is a need for further studies to compare the measurement of total
body volume by biostereometrics and under^fater weighing, to investigate the 
observation of Luft (l975) that the biostereometric method tends to 
overestimate the body volume (section 4.7.4). If the observation is 
confirmed, it \fill be necessary either to eliminate it, or to provide methods 
to allow for it.
While the biostereometric technique, in its present form, is almost 
certainly inferior to underivater weighing in its accuracy for measuring total 
body volume, it has the considerable advantage that it is not limited to 
measuring the volume of the body as a whole, but also gives the volumes of 
body regions. With the relatively small amount of data available from the 
present study, it was possible only to derive approximate relationships 
between regional body volume changes, diet and exercise. However, the 
results obtained were very encouraging, and it is probable that much more 
accurate relationships could be derived if it were possible to conduct a 
series of experiments on the effects of alterations in diet and exercise on 
the volume of different regions. It would be very interesting to re-examine
the Slîylab results, in the light of such findings.
The replicate volume determinations for the fourth photographic session 
on subject CN, described in section 4.7.3, gave disappointing results, with 
a yjo difference between the two estimates of total body volume. The 
discrepancy arose from the mis-placement of one pair of * targets* , used to 
measure scale in the Z axis, probably through an alteration in the plotter 
zero during the punching of the scale cards. Such errors could be 
prevented by providing » targets* visible to both front and back pairs of 
camerasj to ensure coincidence of the two reference planes. Additional 
•targets* could also be used to provide a double-check on the scales in the 
three axes.
Other improvements which could be made include a better method of 
defining the surface of the head, and a spirometric technique for ensuring 
reproducible lung filling. The measurement of regional volumes would be 
enlianced if suitable (markers* were placed on the body surface, in positions
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which could be reproduced accurately. If all the suggested improvements 
are made, it seems likely that the accuracy of the volume measurement would 
approach the 0.8^ of which the technique should be capable (section 4.7.l).
It was shovm in Chapter 2 that considerable uncertainties surround the 
calculation of body fat and lean body mass from body density. It is clear
that improving the accuracy of body volume determination will do little
to improve the estimation of body fat, if the formulae used are inaccurate.
It is highly improbable that any studies will be performed, in the forseeable 
future, in which in vivo measurements of body composition are checked by 
post-mortem chemical analysis. However, in the absence of such definitive 
data, it is still possible to make improvements in the indirect techniques.
In particular, more information is needed on the weight, density and water 
content of different tissues, and on the variability of these factors.
One area in which the accuracy of the volume determination could be 
improved is by measuring the volume of the intestinal gas, by performing
determinations of body volume in an altitude chamber, at both normal and
reduced atmospheric pressures. However, if the mean volume of intestinal 
gas is only 110 - 120 ml, as measured by Bedell et al (1956) and Greenwald 
et al (1969), it is hardly worth measuring, since according to Buskirk (196I), 
errors of this magnitude are inlierent both in the measurement of the residual 
volume of air in the lung, and in the measurement of the body volume itself.
One important practical problem with the biostereometric teclmique is 
its cost, stereoplotting being a slow process requiring a high degree of 
skill. The method could have much wider application if the cost could be 
reduced, by developing an automatic method of stereoplotting, which is 
perfectly feasible, using current computer techniques. The method could, 
for example, be used clinically in obesity control, and possibly also for 
monitoring oedema, ascites, or joint swelling. Outside the field of volume 
measurement, orthopaedic surgeons are becoming increasingly interested in 
the accurate measurement of shape (e.g. Brerup, 1977), which again could be 
provided by biostereometric techniques.
In summary, although the biostereometric technique showed reasonable 
accuracy on the Skylab study, there are.reasons to believe that the accuracy 
would have been better if more development work had been done beforehand.
Three advances in the technique may be hoped for in the future;
1) An overall improvement in accuracy, due to better control over scale 
factors, reference plane matching, subject positioning and lung volume 
determination.
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2) A better understanding of the relationship between total body volume 
measurement by biostereometrics, and by other techniques.
3) Measurements of the change in volume of different regions of the body, 
as a result of changes in diet and exercise, both separately and together.
It would also be of great interest to study dehydration in this way.
The improvements listed in (l) above are likely only to benefit future 
studies. However, ;d.th the greater understanding of total and regional 
body volumes outlined in (2) and (3), it could well be worthwhile, at some 
future date, to re-examine the Skylab results, and to make further 
deductions from the changes observed.
61.
CHAPTER 5
METHODS USED TO STUDY THE SKYLAB ASTRONAUTS
5.1 Measurement of Total and Regional Body Volume
The Skylab astronauts were studied by biostereometric analysis, as 
described in Chapter 4, several times preflight and postflight. Each 
subject was identified by a letter code, and each photographic session was 
numbered, giving a designation of the type *GB4* for each set of data.
The dates on which photography was performed, and the subjects involved, 
are listed in Table 5-1. The first preflight photographs for SL-4 were 
not stereoplotted, as the launch was delayed, necessitating a further 
photographic session. Crewman L was not photographed at the final photo­
graphic session for SL-3, as he was away from Houston at the time.
Following conventional practice for the space programme, days prior 
to flight are designated *F-n®, launch day being F-0, and days following 
recovery are designated *R+n#, splashdown being on R+0,
MISSION SUBJECTS SESSION
NUMBER
MISSION
DATE
CALENDAR
DATE
NOTES
1 F-39 16 APR 73
CN 2 F-14 11 MAY 73
SL-2 K 3 F-2 23 MAY 73
W • 4 R+0 22 JUN 73
5 R+19 11 JUL 73
1 F-31 27 JUN 73
B 2 F-14 14 JUL 73
. SL-3 GR 3 F-5 23 JUL 73
L 4 R+1 26 SEP 73
5 R+31 26 OCT 73 (Except Crewman L)
1 F-35 12 OCT 73 (Not Stereoplotted)
2 F-21 26 OCT 73
CR 3 F-10 6 NOV 73
SL-4 GB 4 F-6 10 NOV 73
P 5 R+0 8 FEB 74
6 R+1 9 FEB 74
7 R+4 12 FEB 74
8 R+68 17 APR 74
Table 5-1: Stereophotogrammetry Sessions on the Skylab Astronauts
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5.2 Pooling and (Normalisation* of Body Volume Data
Examination of the preflight volume measurements, by t-test, failed to 
reveal any statistically significant change in volume during this period, 
for any of the 9 body regions. Accordingly, the three preflight 
measurements for each subject were pooled to provide a *preflight mean*.
■V ■ ■
The first postflight photographs of the SL-2 and SL-4 crews were taken 
on recovery day (R+o ), Because the SL-3 splashdown was relatively late in 
the day, the astronauts were allowed to go to bed after a very limited 
medical protocol, and the majority of the medical tests, including the 
stereophotogrammetry, were performed the next day (R+1). Although this 
was less satisfactory than making the measurements on R+0, the subjects 
were photographed immediately on rising, which was within 18 hours of splash­
down, and none had increased his body weight over the immediate post-splash- 
do\m value. It was therefore thought reasonable to combine the R+1 
measurements of the SL-3 crew with the R+0 measurements of the SL-2 and SL-4 
crews, to form a group of (first postflight* measurements, for subsequent 
analysis.
The (variability* of the preflight and postflight volume measurements 
(Table6-4) was calculated by converting each volume or weight to a 
percentage of the preflight mean for that subject, and determining the 
standard deviation of those percentages. This method eliminated any 
differences in build between subjects, and provided a general estimate of 
the variability of the measurement itself. The significance of the post­
flight changes in volume was determined by a paired t-test between the pre­
flight mean volume for each subject, and the corresponding first postflight 
volume.
In order to correlate the postflight regional volume changes with diet 
and exercise, it was considered necessary to eliminate the effects of 
differing body size, by expressing each subject*s caloric intake and exercise 
level, and the observed volume changes, in terms of his preflight lean body 
mass. This process has been called (normalisation* of the data. Lean 
body mass (LBM) was chosen, in preference to body weight, as it was 
anticipated that the changes in body composition would be related to the 
active tissue mass of the body, rather than to the amount of storage fat.
5 methods of calculating the LBM will be described in section 5.3- Method 
(5); the (combined estimate* was chosen to (normalise* the data, as it tiras 
based on 3 different measurements, and for this reason it tiras possibly less 
liable to errors than methods based on only one or tt/o measurements.
The caloric intake and exercise level of the subjects trere expressed
per kilogram of lean body mass. The regional volume changes tirere corrected
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as follows:
CORRECTED VOLUME = ORIGINAL VOLUME X ™SUBJECT*S LBM
where MEAN LBM is the mean LBM (by (combined estimate*) for all 9 subjects.
In the examination of the late postflight changes in body volume 
(section 6.3), all the data for subject L were omitted, to avoid jnaking 
comparisons between dissimilar groups, as he was not photographed at R+31.
3.3 Calculation of Lean Body Mass
As was described in Chapter 2, it is common practice to estimate the 
lean body mass (LBM), from either the total body water, total body potassium, 
or body density. All three of these were measured on the S Icy lab astronauts, 
and estimates for the LBM were derived by 5 different methods; from each 
singly, and from combinations of two and three measurements,
5.3.1 Method 1; LBM from Total Body Water
LBM was calculated from total body water by making use of the 
observation of Pace and Rathbun (l945) that the fat-free mass of the body 
consists of 73^ water, and hence;
In order that the different estimates of LBM should be comparable, it
was necessary to allow for the variation in the subject*s weight between the
stereophotography sessions and the measurement of total body water, which
were performed at different times, and sometimes on different days. The
body weight at the time of the stereophotography was taken as the * standard*,
to which the other values were adjusted. It was not possible to determine
whether the variation in weight was due to changes in water, soft tissue or
fat, but for the sake of the calculation it was assumed to be due to changes
in water, which is know to fluctuate considerably, even in the course of a
single day (Allen et al 1959). The equation was therefore adjusted by the
difference between the body weight at the time of the stereophotography
(b o d y WT) and the body weight at the time of the total body water
determination (BODY WT *);
WATER = TBW + BODY k^ T - BODY WT*
TBW + BODY WT - BODY WT*
LBM = ----------0:73----------
5.3*2 Method 2; LBM from Exchangeable Potassium
LBM was calculated from the total body potassium and the age of the
subject, by the formula of Allen (1960);
4.964 TDKLBM = 354 - 0.82 AGE
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5,3*3 Method 3t LBM from Body Density
Luft (1975) demonstrated that body volume measurements by stereophoto- 
grammetry (:STEREO*) differ significantly from those by underwater weighing. 
In order to make use of the formula which derives LBM from body density, it 
is necessary to make two corrections - a) to correct the measured volume for 
the residual volume of air in the lungs, and b) to correct the volume to the 
«underwater weighing* value, by the use of Luft*s regression equation:
BODY VOL = 1.010 STEREO - 2.868 
In the absence of measured values for the residual volume of air in the
lungs, the nomograms of Amrein et al (l9?0) were used, the residual volume
being predicted from the subject's age, height and weight.
LBM was calculated from body density by the following equation, which 
was derived from Luft (l973):
LBM = œiGHT - - 3.8I3
5.3.4 Method 4: LBM from Two Measurements
In Chapter 2 it was suggested that the body could be thought of as 
consisting of four compartments - bone mineral, cell solids, water and fat. 
The LBM consists of three of these - bone mineral, cell solids and water - 
with the addition of the 'essential* fat. Total body water was measured 
in the Skylab astronauts, and the cell solids were estimated from the
exchangeable potassium, which was also measured. Bone mineral was not
measured, but Allen et al (1960) suggested that it bears a fixed relationship 
to the cell solids, and it was therefore estimated from the exchangeable 
potassium.
Neglecting the essential fat, which is small, and not readily measured 
(section 2.2), the LBM may be approximated as follows:
LBM = WATER + SOLIDS + BONE 
From section 5.3.1: WATER = TEW + BODY WT - BODY
TBK
From Allen et al (1960): SOLIDS = 554 _ q.82 AGE
BONE = 0.334 (solids)
_ 0.334 TBK
“ 354 - 0.82 AGE
Combining the formulae: LBM = TBW + BODY WT - BODY WT* + ■^ '^ '4 3^0.82 AGE
5.3.5 Method 5: LBM by Combined Estimate
In order to estimate the LBM from all three of the measured quantities -
total body wuter, exchangeable potassium and body volume, it was necessary 
to estimate the volume of the body fat, which was taken as the difference
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between the measured volume of the body, and the sum of the calculated
volumes of body water, cell solids and bone mineral.
The following formulae, derived from Allen et al (1960), were used:
1) LBM = BODY WT - FAT WT
2) FAT WT = 0.901 FAT VOL
3) FAT VOL = BODY VOL - WATER VOL - SOLIDS VOL - BONE VOL
4) WATER VOL = (TBW + BODY WT - BODY WT*) /  0.9936
5) SOLIDS WT = TBK /  (354 - 0.82 AGE)
6) SOLIDS VOL = SOLIDS WT /  1.399
= TBK /  1.399 (354 - 0.82 AGE)
7) BONE WT = 0.334 SOLIDS WT
= 0.334 TBK /  (354 - 0.82 AGE)
8) BONE VOL = BONE WT /  2.8
= 0.334 TBK /  2.8 (354 - 0.82 AGE)
9) SOLIDS VOL + BONE VOL = 1,399 (354 _ 0.82 AGE) 2.8 (354 - 0.82 AGE)
_ 0.834 TBK •
354 - 0.82 AGE
From (3), (4) and (9):
10) FAT VOL = BODY YOL - ™  ' —
 ^ 0.9936 354 - 0.82 AGE
From (2) and (lO):
11) FAT WT = 0.901 (body VOL - + WT - BODY WT' _ 0.834 )
. , 0.9936 354 - 0.82 AGE'
From (l) and (ll):
LBM = BODY WT - 0.901 (BODY VOL - W  ]
. 0.9936 354 - 0.82 AGE^
The estimation of LBM by this method was called the 'combined estimate*,
and it was used to 'normalise* the data, as described in section 5.2.
5.3*6 Postflight Estimation of LBM
The postflight LBM was calculated by the 'combined estimate* formulae 
with one modification. \\Qiile the fixed relationship between bone mineral 
and exchangeable potassium, described by Allen et al (1960), is presumably 
valid preflight, it cannot be assumed to apply equally to the postflight body 
composition. Whedon et al (l977) described fairly modest losses of 0.3 - 
0.4^ of calcium per month in the Skylab astronauts, whereas the changes in 
exchangeable potassium indicated that potassium was lost at the much higher
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rate of 3*9^ per month. It was therefore decided to use the preflight 
estimate of hone mineral in the calculation of the postflight LBM. No 
adjustment was made for the inflight loss of hone mineral, as the correction 
would have been less than 1^, which is well within the experimental error. 
The formula was as follows:
TBW + BODY \f£ - BODY WT* -/LBM = BODY WT - 0.901 (BODY VOL - -
______ TBK 0.334 TBK* \
“ 1.399 (354 - 0.82 AGE) " 2.8 (354 - 0.82 AGE)^
Where: TBK = First Postflight Measurement of TBK
TBK*= Mean Preflight Measurement of TBK
5*4 Regression Analysis of Regional Body Volume
The biostereometric technique for measuring body volume differs from 
underwàter weighing and hydrostatic displacement in one important respect - 
as well as giving the total body volume, it is able to provide the volume
of different body regions. This is of particular interest in the present
study, because the volume of some regions of the body may be especially 
sensitive to changes in a single body compartment.
For the purpose of analysing the regional volume changes, the volumes 
of the limbs on the two sides were combined. The methods of delineating 
the different regions were described in sections 4.4.2 and 4.4.3.
In order to perform a regression analysis relating regional volume 
change to diet and exercise, it was necessary to make certain simplifying 
assumptions :
1) The change in volume of any body region, or of the body as a whole, is 
the sum of volume changes occuring independantly in three compartments: 
fat, muscle and fluid.
2) Fat compartment changes are a function of mission length, caloric intake, 
and the 'baseline* caloric needs of the subject, as follows:
FAT VOL CHANGE = CONSTANT x MISSION LENGTH x (CALORIC INTAKE - CALORIC
n e e d s)
3) Muscle compartment changes are a function of the level of exercise taken, 
and also of the 'baseline* exercise needs of the subject:
MUSCLE VOL CHANGE = CONSTANT x (EXERCISE TAKEN - EXERCISE NEEDS)
4) Fluid compartment changes commence with loss of a fixed volume of fluid, 
from a given body region, on first exposure to zero gravity. The fluid 
content of the region then remains constant, until the subject returns
to earth, when the lost fluid is replaced. For a man of 'standard* size, 
and for each body region:
FLUID VOL CHANGE = CONSTANT
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The inclusion of mission length in the formula for fat change, and its 
omission from the formula for muscle change, were based on the results of a 
preliminary analysis, which showed that in the buttocks (a fatty region) 
volume change correlated best with calories times mission length, whereas 
in two muscular regions, the thighs and calves, volume change correlated 
best with exercise alone, rather than with exercise times mission length.
This is in accord with the common observation that caloric imbalance ifill 
cause a continuing change in body fat over a period of time, whereas a change 
in exercise level will result in a change in muscle bulk, which then 
stabilises at a new level.
In order to simplify the analysis, it was unfortunately necessary to 
ignore any possible interactions between the variables. For example, 
increasing the exercise taken should increase the caloric needs, and 
increasing the muscle bulk in a region would probably alter the magnitude of 
the fluid changes there. However, with the limited data available it was 
impossible to take such factors into account.
Three linear regression equations were used to study the relationships 
between regional volume change, diet and exercise. For two of the equations 
(l and 3) it was necessary to assume a fixed value for the-fluid element of 
the volume change. This was derived from the SL~4 data, in which volume 
measurements were made on R+0 and R+4. The difference in the mean volume 
of a given region between these two measurements, for the 3 SL-4 crewen, was 
taken as an estimate of the volume of fluid entering the region during the 
postflight period (the 'rehydration volume'). It should be noted that 
choosing an incorrect value for the rehydration volume would affect the 
constant terms in the regression equations, but not the correlation 
coefficients, nor the significance of the correlations.
The regression equations used were as follows:
1) Single regression between volume change (with rehydration correction, 
described above) and level of exercise, converted to the form:
VOL CHG* = (e x - b a s i c) ....(l)
Where VOL CHG* is the volume change, corrected for rehydration
C^ is a constant
EX is the inflight exercise level (watt-min/day/kg LBM)
BASIC is the exercise level at which no change in muscle volume 
would occur.
2) Double regression between volume change (without rehydration correction), 
mission length and mission length times caloric intake, converted to the 
form:
VOL CHG = Cg X  ML (CALS - NEEDS) + EEH .... (2)
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Where VOL CHG is the uncorrected volume change 
Cg is a constant
ML is the mission length (days)
CALS is the inflight caloric intake (kcal/day/kg/ LBM)
NEEDS is the caloric intake at which no change in fat volume
would occur.
REH is the rehydration volume, plus any other elements of
the volume change unrelated to caloric intake.
3) Triple regression between volume change (with rehydration correction), 
mission length, mission length times caloric intake, and exercise, 
converted to the form:
VOL CHG* = C^ (ex - basic) + C^ x  ML (CALS - NEEDS) ....(3)
The regression equations were used to estimate the postflight change 
in the weight of body fat and leg muscle, by making the assumption that the 
exercise-related elements in the equations defined muscle changes, and the 
calorie-related elements defined changes in body fat. The folloi\ûng 
equations were used:
FAT CHG = FAT DENSITY x ~  x ML x C^ (CALS - NEEDS) ....(4)
MUSCLE CHG = MUSCLE DENSITY x x C^ (EX - BASIC) ....(5)
The postflight change in total body water was also estimated from the 
regression equations. In equation (2), it was assumed that the term 
Cg X ML (CALS - needs) described the change in body fat, and that the term 
REH described the sum of the changes in the body water and cell solids 
compartments (neglecting the changes in bone mineral (section 6.3.4) which 
will be shown to be negligible). The change in body water (section 6,5.4) 
was calculated by subtracting the change in cell solids (calculated from 
exchangeable potassium) from the REH terms in the regression equations for 
total body volume, and for body weight.
5.5 Other Slrylab Experiments from which Data Have Been Used
In addition to the results of the biostereometric analysis, data have 
been used from several other Skylab experiments. The experimental 
techniques w^ ere described briefly in section 1.4,
5.5.1 Body Mass Measurement
Preflight and postflight body weight measurements were made on a 
clinical scale, accurate to + 0.1 kg. The inflight body mass measuring 
device was estimated to read between *r 0.1 and -r 0.4 kg of the true value, 
the device tending to overestimate the mass of a non-rigid object (Thornton 
and Ord, 1977). Both body weight and body mass were therefore measured wdth 
an accuracy of much better than 1^.
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The body mass measurements on mission days 2, 3 and 4 were incomplete, 
as several of the astronauts were not mass-measured on those days. The 
best estimate of the early inflight change in body mass was obtained from 
the difference between the mean body weight on the last 3 days preflight, 
and the mean body mass measurements on mission days 5> 6 and 7*
5.5.2 Mineral Balance
The mineral balance results from Skylab have been published only in 
summary form (Whedon et al 1977). However, the inflight changes in total 
body nitrogen and potassium were calculated by the author from the raw input 
and output data. From these results, the change in cellular mass was 
calculated, assuming that muscle, containing 31.6 g nitrogen per kg (Deitrick 
et al 1948), and 100 iriEq potassium per kg (Shohl, 1959)j was the main 
tissue undergoing changes.
The mineral balance experiment also provided information on the inflight 
change in body calcium, Whedon et al (1977) reported that the fecal 
excretion of calcium was so variable that conventional balance calculations 
could not be made, but that the urinary calcium gave a good guide to the 
inflight loss of this element. The relative losses of calcium from the 9 
subjects were estimated by comparing their urinary calcium excretion 
preflight, with that during the fourth week in orbit (the final period before 
the SL-2 crew returned to earth),
5.5.3 Total Body Water and Exchangeable Potassium
Total body water and échangeable potassium were used to calculate lean 
body mass, as described in section 5.3. In addition, the exchangeable 
potassium was used to calculate the change in cellular mass, making the 
same assumptions as in section 5.5.2.
5.5.4 Bone Densitometry
Results from the bone densitometry experiment (Vogel and Whittle, 1974) 
were used to indicate the magnitude of the losses of mineral from certain 
critical bones, and from the skeleton as a whole. Density measurements 
were made of the distal radius and ulna, and of the os calcis. The 
immediate postflight measurements were compared v^dth the mean of 3 preflight 
measurements (section 6,6.4).
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CHAPTER 6
RESULTS
6.1 Details of Subjects
Table 6-1 gives the age, height and weight of the subjects at the 
time of launch, and their residual lung volumes, derived from the 
nomograms of Amrein et al (l970), as explained in section 5.3*3*
The body weights quoted are the mean fasting weights for the last week 
preflight.
SUBJECT AGE ' 
years
HEIGHT
cm
kEIGHT
kg
RESIDUAL VOL 
litres
CN 42 172 62.0 1.94
K 41 182 77.9 2.01
W 40 179 80.2 1.87
B 41 175 68.6 1.90
GR 42 177 61.8 2.10
L 37 183 88.3 1.85
CR 41 175 68.1 1.91
GB 37 175 71.3 1.73
P 43 175 67.4 1.96
Table 6-1: Age, Height, Weight and Estimated Residual Volume of Subjects
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Table 6-2 gives the mean inflight caloric intake of the subjects, 
and the mean level of inflight exercise on the bicycle ergometer. Both 
are also quoted per kilogram of lean body mass, using the 'combined 
estimate* of lean body mass (Table 6-6, column 5). The caloric intake 
was calculated by the author from the dietary content of carbohydrate, fat 
and protein. The exercise levels were obtained from Michel et al (l977)« 
In addition to the bicycle ergometer, various other exercise devices were 
used on Slcylab. However, the levels of exercise on these devices were 
not readily measured, and the present study will consider only the exercise 
on the bicycle ergometer.
SUBJECT CALORIC INTAKE INFLIGHT EXERCISE
kcal/day kcal/day/kg LBM watt-min/day watt-min/day/kg LBM
CN 2616 47.30 2855 51.62
K 2746 43.09 16I8 25.39
W . 2606 37.69 1993 28.83
B 2636 45.42 3874 66.76
GR 2381 47.98 3638 67.63
L 3543 47.01 6545 86.84
CR 2939 52.54 4108 72.94
GB 2830 47.77 5523 92.57
P 3031 50.31 4879 80.98
Table 6-2; Inflight Caloric Intake and Exercise
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6.2 Preflight and Immediate Postflight Body Volume Measurements
Tables A—1 to A—9 of the appendix list the detailed part—by—part 
volumes of the 9 Skylao astronauts, on all the occasions on which they were 
studied.
Table 6-3 gives the preflight mean total body volume and body weight, 
and also the volume after correction for a) the residual air in the lungs, 
and b) the discrepancy between biostereometric volume determinations and 
those by underwater weighing (section Body density is also given.
SUBJECT PREFLIGHT 
MEAN lŒIGHT 
kg
PREFLIGHT MEAN VOLUME (litres) DENSITY
g/ml
MEASURED 
. VOLUME
CORRECTED VOLUME 
(See Text)
CN 62.767 63.213 59.001 1.064
K 78.090 79.350 75.224 1.038
W 81.153 80.393 76.419 1.062
B 68.683 67.673 63.545 1.081
GR 61.933 61.137 56.743 1.092
L 88.070 85.133 81.225 1.084
CR 68.113 68.007 63.872 1,066
GB 71.443 72.293 68.381 1.045
P 67.623 67.893 63.706 1.061
Table 6-3j_._ Preflight Mean Total Body Volume, Weight and Density
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Table 6-4 summarises the preflight and immediate postflight mean 
volume of each body region, and the total body volume and weight. The 
results were calculated as described in section 5.2.-
BODY PART
PREFLIGHT IMMEDIATE POSTFLIGHT
LEVEL OF 
SIGNIFICANCE
MEAN
VALUE
VARIABILITY
1o
MEAN
VALUE
VARIABILITY
1o
DIFFERENCE
HEAD & NECK 4.85 2.41 4.59 5,94 -0.26 52,
ARMS 6.74 2.00 6.59 4.55 -0.15 N.S.
HANDS 0.86 5.71 0.86 4.40 0 N.S.
CHEST 15.82 1.82 15.66 3.04 —0.l6 N.S.
ABDOMEN 11.07 2.14 10.48 4.90 -0.59 2^
BUTTOCKS 13.46 1.52 12.94 2.71 -0.52 0.5^
THIGHS 11.04 2.03 10.28 2.85 -0.76 0.1#
CALVES 5.92 2.51 5.37 2.52 -0.55 0.1#
FEET 1.92 5.08 1.88 6.64 -0.04 NUS.
TOTAL VOL 71.68 1.35 68.65 2.19 -3.03 0.1#
\\EIGHT kg 71.99 0.93 68.96 2.17 -3.03 0.1#
Number of measurements: Preflight n=27; Postflight n=9
Table 6-4: Preflight and Immediate Postflight Mean Regional and
Total Body Volume (litres), and Body Weight (kg)
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6.3 Late Postflight Body Volume Measurements
Table 6-5 gives the mean change from preflight values of the regional 
and total body volume for each of the flight crews,-at each of the post­
flight measurement sessions. The data from subject L were omitted, as 
explained in section 5.2. The data are depicted graphically in Figures 
6-1 and 6-2, with the exception of the data from the hands, in which the 
changes were very small.
MISSION SL-2 SL-3 SL-4
SUBJECTS CN K W B GR CR GB P
MISSION DATE R+0 R+19 R+1 R+31 R+0 R+1 R+4 R+68
HEAD & NECK -0.62 -0.58 -0.10 +0.33 +0.01 +0.07 +0.14 +0.02
ARMS —0.21 -0,15 -0.27 +0.41 +0.14 +0.04 +0.16 +0.46
HANDS -0.01 -0.01 -0.01 +0.09 +0.01 +0.03 +0.05 +0.07
CHEST -0.33 —0.14 -0.43 +0.29 +0.14 +0.53 +0.92 +0.64
ABDOMEN -0.22 -0.39 -0.95 +0.23 -0.62 +0.14 —0.24 +0.44
BUTTOCKS —0.67 -0.44 -0.76 +0.39 -0.12 +0.01 +0.04 +0.82
THIGHS -1.13 -0.66 —0.67 +0.30 -0.48 -0.25 +0.05 +0.90
CALVES -0.74 -0.08 -0.47 +0.20 -0.42 —0,24 -0.14 +0.24
FEET +0.06 +0.13 -0.03 +0.27 -0.19 -0.09 -0.01 +0.05
TOTAL BODY -3.87 -2.47 —j), 69 +2.49 -1.52 +0.23 +1.00 +3.65
'k see Table 5-1®
Table 6-5: Postflight Changes in Total and Regional Body Volume (litres)
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6.4 Estimation of Lean Body Mass
Table 6-6 gives the preflight lean body mass (LBM) for each of the 
9 subjects, calculated by the 5 methods described in section 5.3. The 
measurements of total body water and exchangeable potassium, from which 
the values in columns (l) and (2) were obtained, are given in Tables 
6-15 and 6-l6.
SUBJECT \vT]IGHT
kg
L E A N  B O D Y  M A S S  kg
(1)
FROM
TBW
(2)
FROM
TBK
(3)
FROM
DENSITY
(4)
FROM TBW 
AND TBK
(5)
COMBINED
ESTIMATE
CN 62.77 57.49 50.52 54.25 55.54 55.31
K 78.09 66.90 60.50 59.85 65.05 65.73
W 81.15 72.26 59.47 69.55 68.73 69.14
B 68.68 58.61 51.58 65.62 56.64 58.05
GR 61.95 54.05 47.47 59.80 52.21 53.79
L 88.07 75.05 71.49 82.66 73.98 75.37
CR 68,11 57.69 50.01 59.50 55.55 56.32
GB 71.44 62.59 56.53 56.59 60.68 59.66
P 67.62 62.70 56.28 57.84 60.90 60.25
Table 6-6: Preflight Estimates of Lean Body Mass by 5 Methods
The mean values for the preflight LBM, by each of the 5 methods, 
were as follows:
1) From TBW 65,01 kg
2) From TBK 55.94 kg
3) From Density 62.62 kg
4) From TBW and TBK 61,03 kg
5) Combined Estimate 61.29 kg
The differences between these means were examined by paired t-test, the 
results of which are given in Tablé 6-7. The test indicates that there 
is general agreement between the estimates of LBM by density, TBW and TBK 
together, and the combined estimate. In comparison with the other methods, 
TBW tends to overestimate the LBM, and TBK to underestimate it.
TBW TBK DENSITY TBW & TBK
From TBK 
From DENSITY 
From TBW & TBK 
Combined Estimate
8.71** 
0.21 
9.07** 
3.96**'
3.76**-
8.58**
7.80**
0.89
0.94 0.70
** = Significant Difference at level 
Table 6-7: Results of Paired t-test Between Different Estimates of LBM
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As explained in section 5*3> the (combined estimate* of LBM, given 
in column (5) of Table 6-6, ivas used as the basis for corrections to 
individual results, to permit comparisons to be made between the subjects, 
with respect to caloric intake and exercise level, and regional and total 
body volume changes.
Table 6-8 compares the weight and LBM of the subjects preflight with 
their first postflight measurements. The LBM was calculated by the 
(combined estimate* technique, a modified formula being used postflight, 
as described in section 5.3.6. The mean postflight loss of lean body mass 
was 1.83 kg, which is significantly different from zero at the 1^ level 
(t-test).
SUBJECT BODY IVEIGHT kg LEAN BODY MASS kg
PREFLIGHT POSTFLIGHT DIFFERENCE PREFLIGHT POSTFLIGHT DIFFERENCE '
CN 62.77 60.21 -2.56 55.31 53.35 -1.96
K 78.09 74.28 -3.81 63.73 62.87 -0.86
W 81.15 73.98 -5.17 69.14 65.49 -3.65
B 68,68 64.18 -4.50 58.03 55.18 -2.85
GR 61.93 38.29 -3.66 53.79 52.67 -1.12
L 88.07 84.14 -3.93 75.37 71.99 -3.38
CR 68.11 67.93 -0.18 56.32 54.43 -1.89
GB 71.44 68.93 -2.49 59.66 59.27 -0.39
P 67.62 66.68 -0.94 60.25 59.89 —0®p6
MEAN 71.99 68.96 —3.03 61.29 59,46 -1.83
S.D. 8.74 8.12 1.64 7.04 6.44 1.25
Table 6-8: Mean Preflight and Immediate Postflight Weight and LBM
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Table 6-9 gives estimates of the preflight and immediate postflight 
body composition by compartments, and the change over the course of the 
mission. Bone mineral was calculated by equation (7) of section 5.5*5j 
and cell solids by equation (5). Water was calculated using the correction 
described in section 5.3.1. Fat was calculated using equation (ll) from 
section 5.3.5 preflight, with the corrections described in section 5.3,6 
postflight. The sum of the bone mineral, cell solids and water do not 
exactly equal the LBM because each is an estimate, and different formulae 
were used for the different compartments. The estimated mean loss of cell 
solids was 0.71 kg, and that of water 1.18 kg. All the subjects showed 
losses from these two compartment, and the mean losses were significantly 
different from zero at the 2-|^  level, by t-test. The estimated mean loss 
from these two compartments together was 1.89 kg, which was similar to the 
1,83 kg estimated mean loss in the LBM,
The change in fat was much more variable, ranging from a 1.71 kg gain 
in one subject to a 2.95 kg loss in another. The mean change was a 1,20 
kg loss, but statistically this was not significantly different from zero. 
Evidence will be presented later to confirm the variability of the change 
in body fat from one subject to another, and to show that subject CR 
increased his fat reserves over the course of the flight.
SUBJECT BONE CELL SOLIDS WATER FAT
MINERAL PRE POST DIFF PRE POST DIFF PRE POST DIFF
CN 3.40 10.18 9.38 -0.80 41.97 40.80 -1.17 7.46 6.86 —0 ® 60
K 4.06 12.15 11.48 —0.67 48,84 48.00 —0,84 14.36 11.41 -2.95
W 4.00 11.98 10.98 -1.00 52.75 50.00 -2.75 12.01 10.49 -1.52
B 3.47 10.59 9.84 -0.55 42.78 41.44 -1.34 10.65 9.00 -1.65
GR 3.19 9.56 9.48 -0.08 39.45 39.15 -0.50 8.16 5.62 -2.54
L 4.81 14.40 13.86 -0.54 54.77 51.90 -2.87 12.70 12.15 -0.55
CR 3.37 10.08 9.70 -0. j)8 42.11 41.12 -0.99 11.79 13.50 +1.71
GB 3.79 11.35 10.34 -1.01 45.54 45.24 -0.30 11.78 9.68 -2.10
P 3.79 11.34 9.94 —1 c 40 45.77 45.67 -0.10 7.37 6.79 -0.58
MEAN 3.76 11.27 10.56 -0.71 46.00 44.81 -1.18 10.70 9.50 -1.20
S.D. 0.49 1.47 1.42 0.39 5.19 4.49 1.01 2.49 2.68 1.40
Table 6-9: Mean Preflight and Immediate Postflight Body Composition
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6.5, Regression Analysis ùf Changes in Regional Body Volume
Table 6-10 gives the results of examining the immediate postflight 
volume changes by regression analysis, as described.in section 5.4.
The assumed rehydration volumes, derived from the SL-4 data, were used 
to correct the regional volumes for postflight rehydration, before 
performing the analysis using equations (l) and (3).
BODY ASSUMED SIGNIFICANCE OF MULTIPLE CORRELATION
REGION REHYDRATION EQUATION (1) EQUATION (2) EQUATION (3)
VOLUME (ml) EXERCISE ML, MLxCALS ML, MLxCALS, EXERCISE
HEAD & NECK 131 If. If.
ABDOMEN 382 N.S. If. If.
BUTTOCKS 166 N.S.
THIGHS 528 If. . N.S.
CALVES 288 If. N.S.
ABDOMEN
+ BUTTOCKS 
+ THIGHS
1363 N.S. If. If
+ CALVES
mOLE BODY 2517 N.S. O.lf If.
BODY hEIGHT 850 g N.S. If. 5f
Table 6-10; Regression Analysis of Changes in Body Volume; Assumed 
Rehydration Volumes and Significance of Correlations
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The interpretation of the regression analysis was complicated by the 
fact that both the average dietary intake and the inflight exercise level 
increased from mission to mission, giving the following correlations 
between the variables;
MISSION LENGTH v CALORIC INTAKE r = 0.76
MISSION LENGTH v EXERCISE r = 0.86
CALORIC INTAKE v EXERCISE r = 0.73
However, despite the interrelationship between the variables, analysis of.
variance showed that, except in the case of the head and neck, the mission 
length contributed less to the regression than exercise (for the thighs and 
calves), or caloric intake (for other regions), showing the correlations to 
be valid. In the case of the head and neck, however, the highest 
correlation was with mission length, and the correlation with caloric intake 
was in the opposite direction from that in the other body parts (i.e. 
increased caloric intake \\as associated with a smaller head volume)« It 
was thus decided not to use the data from the head and neck in estimating 
the effects of diet and exercise on body composition.
6.5.1 Relationship Between Exercise and Regional Volume Change
Neglecting the data from the head and neck, only two regions - the thighs 
and calves - showed a high correlation between volume change and exercise.
The solutions to equation (l) for these two body parts were;
THIGHS; VOL CHG* = 15.06 (EX - 80.5) (Standard Error of Estimate 208 ml)
CALVES; VOL CHG* = 7.00 (EX - 99.8) (Standard Error of Estimate 90 ml)
The standard errors for the estimate of the *BASIC* exercise level were 13.0
and 11.2 watt-min/day/kg LBM respectively, and the difference between the 
two estimates was significant at the if level.
The postflight volune changes in the thigh and calf were not 
significantly correlated with mission length, and mission length times 
caloric intake (equation 2), and the inclusion of these factors with exercise, 
in equation (3)> only gave a correlation at the 5f level. It was therefore 
accepted that equation (l) best described the volume change in the calves 
and thighs.
6.5.2 Relationship Between Caloric Intake and Regional Volume Change
Again neglecting the data from the head and neck, five regression 
equations of type (2) showed a significant correlation between postflight 
volume change, mission length, and mission length times caloric intake.
All of the regression equations of tj^ pe (3) vere statistically significant, 
but in every case the correlation was worse (by F-test) than for the type (2) 
equation, and the contribution of exercise to the regression (by t-test) was
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not significant. The following four equations were in good agreement in 
estimating volume change from mission length, and mission length times 
caloric intake:
BUTTOCKS: VOL CHG =1.56 x ML (CALS - 47.9) - 505 (Standard Error 2l6 ml)
ABDOMEN + BUTTOCKS + THIGHS + CALVES:
VOL CHG = 5.65 X ML (CALS - 50 .4 ) - 1538 (Standard Error 366 ml)
KHOLE BODY: VOL CHG = 8.48 x ML (CALS - 49.O) - 2374 (Standard Error 546 ml)
BODY ^ VEIGHT: WT CHG = 7.52 x ML (CALS - 4 8 .3 ) -  2783 (Standard Error 701 g )
The estimates of the caloric * NEEDS * from these equations, with the
corresponding standard errors of the estimates, were as follows :
BUTTOCKS; 47.9 kcal/day/kg LBM S.E. 2.9
ABDOMEN + BUTTOCKS + THIGHS + CALVES; 50.4 " S.E. 1.1
WHOLE BODY; 49.0 " S.E. 1.2
BODY WEIGHT; 48.3 " S.E. 1.9
In view of the magnitude of the standard errors, it would be unrealistic to 
use more than two significant figures, so the mean value for the caloric 
(NEEDS* will be taken as 49 kcal/day/kg LBM, corresponding to a daily intake 
of 3003 kilocalories for the average lean body mass of the astronauts.
Unfortunately, the t5q)e (2) equation for the abdomen did not agree with 
the other four;
ABDOMEN; VOL CHG = 3.48 x ML (CALS - 56.0) + 1055 (Standard Error 259 ml) 
The sign of the rehydration volume was positive, and the caloric * NEEDS* 
were outside the range of the other estimates of this value. \\Tiile it is 
impossible to be certain that this value of * NEEDS * is incorrect, it seems 
very unlikely that at caloric intakes of between 49 and 56 kcal/day/kg LBM, 
the abdomen would be losing fat, while other areas of the body were gaining 
it. A much more likely explanation is that the results- were perturbed by 
variations in the volume of the contents of the stomach.
It was possible to get a very approximate idea of the relationship 
between abdominal volume and caloric intake by using the data from the SL-3 
crew, who were fasting at the time they were photographed. Assuming the 
caloric * NEEDS * to be 49 kcal/day/kg LBM, the regression equation was; 
ABDOMEN; VOL CHG = 1.73 x ML (CALS - 49) - 675
The correlation coefficient was 0,90. A standard error is not quoted, as 
it was impossible to estimate it accurately from so small a sample.
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Table 6-11 summarises the equations for the best estimates of the changes in 
postflight regional and total body volume, and body weight. \üiere the 
caloric *NEEDS* were adjusted to 49 kcal/day/kg LBM, the rehydration volume 
was also adjusted, so that the equation still balanced.
EQUATION STANDARD ERROR 
OF ESTIMATE
ABDOMEN VOL CHG = 1.73 X  ML (CALS - 49) - 675 (see text)
BUTTOCKS VOL CHG = 1.56 X  ML (CALS - 49) - 585 216
THIGHS VOL CHG = 13.06 (EX - 81) - 528 208
CALVES VOL CHG = 7.00 (e x - lOO) - 288 90
TOTAL BODY VOL CHG = 8.48 x ML (CALS - 49) - 2374 546
BODY WEIGHT VOL CHG = 7.52 X M L  (CALS - 49) - 2483 701
Where VOL CHG is the postflight change in volume (ml)
WÏ CHG is the postflight change in weight (g)
CALS is the inflight caloric consumption (kcal/day/kg LBM)
EX is the inflight bicycle exercise (watt-min/day/kg LBM)
ML ■ is the mission length (days)
Table 6-11; Equations for the Best Estimates of Immediate Postflight 
Change in Volume (ml) and Weight (g)
84.
6.5*3 Fat and Muscle Changes Estimated from Regression Equations
Table 6-12 gives the estimated changes in total body fat and leg muscle 
for the 9 subjects, calculated using equations (4) and (5) of section 5*4. 
The constants for calculating the change in body fat (equation 4) were taken 
from the equation for total body volume in Table 6-11. The constants for 
calculating the change in leg muscle (equation 5) were obtained from the sum 
of the equations for the volume changes in the thighs and calves in Table 
6-11. The densities of fat and muscle were taken as 0.901 and 1.070 g/ml 
respectively, from Allen et al (l959b).
SUBJECT POSTFLIGHT CHANGE (kg)
BODY FAT LEG MUSCLE
CN -0.33 -0.70
K -1.31 -1.39
W -2.73 -1.43
B -1.53 -0.42
GR -0.40 -0.38
L -1.10 -0.02
CR +2.09 -0.29
GB -0.77 +0.10
■ P +0.83 —0.14
MEAN
S.D.
-0.58
1.40
-0.52
0.56
Table 6-12; Estimated Immediate Postflight Change in Body Fat and Leg Muscle
6.5«4 Water Change Estimated from Regression Equations
The mean change in total body water over the course of the flight was 
calculated from the regression equations for total body volume and body 
weight (Table 6-II), as described in section 5*4. The estimates for the 
change in body water were;
From Total Body Volume; 1.4 kg 
From Total Body W^eight; 1.8 kg
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6.6 Data from other Skylab Experiments
6.6.1 Body Mass Measurement
Detailed day-by-day measurements of preflight and ppstflight body weight, 
and of inflight body mass, are given in the appendix. The change in body 
weight for each subject, between launch and recovery, is given in Table 6-8. 
The changes in mean body weight around launch and recovery, for all 9 
subjects, are depicted in Figure 3-1 (Page 32). The mean change in weight 
between launch and recovery was similar to that reported by Berry (l973h) 
and Popov (l975) for flights of 1-14 days duration;
Mean Change S.D. Range
Berry & Popov; -2.77 kg 1.44 kg +0.5 to -5.7 kg
Skylab; -3.03 kg 1.64 kg -0.2 to -5.2 kg
The early inflight change in body mass was -1.55 kg, calculated as 
described in section 5.5.1. During the last few days inflight, and for about 
6 days postflight, the body weight was very variable, and it was impossible 
to make an accurate estimate of the immediate postflight weight change, 
except to observe that it was in the region of +1.2 to +1.4 kg.
Thornton and Ord (l977) related inflight weight loss to caloric intake 
on the Slcj’-lab flights, and noted that the caloric intake required to prevent 
weight loss was * surprisingly high*, although they did not quote a value. 
Unfortunately, their Figure 19-4 contains an obvious error, the horizontal 
scale apparently haveing been divided by two. However, allowing for this, 
their data indicate an inflight caloric requirement of 44 kcal/day/kg body 
weight, which is equivalent to 51.6 kcal/day/kg LBM.
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6,6,2 Mineral Balance
Table 6-13 summarises the results of the mineral balance experiment for 
nitrogen and potassium. The difference between the preflight and inflight 
values was used to estimate the change in cellular mass, as described in 
section 5«5.2. The results are given in Table 6-14, together with 
estimates derived from exchangeable potassium (section 5*5*3) and from the 
biostereometric analysis (section 6.3.3).
SUBJECT
NITROGEN BALANCE g/day POTASSIUM BALANCE mEq/day
PREPLIGHT INFLIGHT DIFFERENCE PREFLIGHT INFLIGHT DIFFERENCE
CN 2.98 -1.08 -4.06 15.02 4.58 -10.44
K 4.14 -2.60 -6.74 22.48 0.02 -22.46
¥ 3.68 -1.94 -5.62 14.42 1.74 -12.68
B 3.00 -0.93 -3.93 10.50 4.42 - 6.08
GR 3.50 —0.76 -4.26 11.50 6.44 - 5.06
L 4.27 -0.84 -5.11 . 19.23 11.58 - 7.65
CR 3.43 -1.28 -4.71 11.35 0.36 -10.99
GB 2.35 -0.74 -3.09 15.20 6.81 - 8.39
P 2.90 -0.32 -3.22 16.50 7.82 -8.68
MEAN
S.D.
3.36
0.62
-1.17
0.70
-4.53
1.17
15.13
3.91
4.86
3.77
-10.27
5.15
Table 6-13: Summary of Mineral Balance Results for Nitrogen and Potassium
SUBJECT
(1)
FROM
EXCHANGEABLE
POTASSIUM
(2)
FROM
NITROGEN
BALANCE
(3)
FROM
POTASSIUM
BALANCE
(4)
FROM
BIOSTEREOMETRIC
ANALYSIS
CN -2.54 —3.60 -2.92 -0.70
K -2.14 -5.97 -6.29 -1.39
¥ -3.20 -4.98 -3.55 -1.43
B -1.78 -7.34 -3.59 -0.42
GR —0.27 -7.95 -2.99 -0.38
L -1.76 -9.54 -4.51 -0.02
CR -1.20 -12.52 -9.23 -0.29
GB -3.25 -8.22 -7.05 +0.10
P -4.45 -8.56 -7,29 -0,14
MEAN -2.29 -7.63 -5.27 -0.52
S.D. 1.24 2.62 2.27 0.56
Table 6-14: Estimated Change in Cellular Mass of Slrylab Astronauts
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6.6.3 Total Body Water and Exchangeable Potassium
Tables 6-13 and 6~l6 list the mean preflight and first postflight 
measurements of total body water and exchangeable potassium. The author 
is indebted to Dr Carolyn Leach, of the NASA Johnson Space Center, Houston, 
for permission to publish these data.
SUBJECT
PREFLIGHT MEAN POSTFLIGHT (R+O) DIFFERENCE 
IN TOTAL 
BODY WATER
TOTAL BODY 
WATER
BODY
WEIGHT
TOTAL BODY 
WATER
BODY
WEIGHT
CN 41.53 62.33 40.8 60.21 -0.75
K 48.80 78.05 48.0* 74.28 -0.80
W 32.15 80.55 50.0 75.98 -2.15
B . 42.50 68.40 41.9 64,64 -0.60
GR 39.10 61.60 39.6 58.74 +0.50
L 53.60 86.90 51.9 84.14 -1.70
CR 41.85 67.85 41.0 67.81 -0.85
GB 45.40 71.30 44.9 68.61 -0.50
P 45.65 67.30 45.1 66.11 -0.55
MEAN 45.62 71.61 44.80 68.95 -0.82
* = Measurement made on R+1
Table 6-15: Mean Preflight and Immediate Postflight Body Weight and
Total Body Water (kg)
SUBJECT PREFLIGHT MEAN POSTFLIGHT (R+O) DIFFERENCE
CN 3252 2998 -254
K 3892 3678 -214
W 3848 3528 -320
B 3329 3151 -178
GR 3056 3029 - 27
L 4661 4485 -176
CR - 3228 3108 -120
GB 36,73 3348 -325
P 3614 3169 -445
MEAN 3617 33&3 -229
Table 6-l6: Mean Preflight and Immediate Postflight
Exchangeable Potassium (mEq)
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The monitoring of fluid balance on the Skylab cre^vmen during the first 
6 days inflight showed a mean reduction in intake of 700 ml/day, and a mean 
reduction in urine volume of 400 ml/day, with an increase in urinary 
osmolality (Leach and Rambaut, 1977). These data indicated a mean, loss of 
fluid of 1800 ml from each man over this period, but the individual results 
were highly variable, and the authors considered this estimate to be only 
very approximate.
6.6.4 Bone Densitometry
Table 6-17 gives the mean postflight change in density in the distal 
radius and ulna, and in the os calcis, for the 9 Skylab astronauts (Vogel 
and ^ fhittle, 1974). The table also gives the preflight urinary calcium 
excretion, and the corresponding excretion during the 4th week of the 
flight, as described in section 5.5.2.
SUBJECT
PERCENT CHANGE IN DENSITY URINARY CALCIUM mg/day
RADIUS ULNA OS CALCIS PREFLIGHT INFLIGHT DIFFERENCE
CN -0.5 -0.9 +0.5 232 484 +252
K +1.4 +1.9 —0.9 123 233 +110
¥ +0.2 +3.1 +2.7 153 414 +261
B —1.4 +0.4 +2.3 140 212 + 72
GR +0.2 -1.6 -7.4** 229 478 +249
L -1.6 -0.4 +1.4 203 304 +101
CR — 1 a 1 -1.7 +0 a 7 127 214 + 87
GB +1.0 0.0 -4.5** 134 246 +112
P — 0 e 6 +1.4 -7.9** 136 285 +149
MEAN
S.D.
-0.27
1.05
+0.24
1.65
-1.46
4.10
164
44
319
111
+155
77
** Significant at 1^ level (t-test)
Table 6-17: Postflight Change in Bone Density and Inflight Change in
Urinary Calcium in the Skylab Astronauts
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6,7 Summary of Results
The more important of the results presented in this chapter are 
summarised as follows;
, Over the course of the Skylah flights; Mean Change
a) All subjects lost weight -3*03 kg
b) All subjects lost LBM -1.83 kg
c) All subjects lost water -1,18 kg
d) All subjects lost cell solids -0,71 kg
e) 8 subjects lost fat -1,20 kg
f) All subjects lost additional calcium in the urine -133 mg/day
g) 3 subjects lost bone mineral (os calcis) -1,46^
h) Significant loss of volume occured from the head and neck, abdomen,
buttocks, thighs and calves,
i) The greatest loss of volume was from the thighs, followed by the 
abdomen, and the calves,
j) Change of volume in the legs was highly correlated with exercise,
k) Regression equations indicated that 80-100 watt-min/day/kg LBM
exercise would prevent the loss of volume from the legs, 
l) Change of volume in the abdomen, the lower half of the body, and the
total body was highly correlated with caloric intake,
m) Regression equations indicated that 47-31 kcal/day/kg LBM intake would 
prevent the loss of volume from these regions,
n) After the flight all body regions showed an increase in volume,
rapidly at first, and then more slowly.
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CHAPTER 7 
DISCUSSION OF RESULTS
7.1 Changes in Body Composition due to Spaceflight
-The Skylah experiments have provided the first clear insight into the 
changes in body composition which occur when man is exposed to the weight­
less environment of spaceflight. Changes were observed in all 4 of the 
major body compartments - water, cell solids, fat and bone mineral.
7.1.1 Water
The results obtained from the Skylah experiments support the hypothesis 
that there is a net loss of water from the body during the first 1-2 days 
in orbit, which is followed by a stabilisation of the total body water at a 
reduced value (section 3.2<>2), Berry (l973) postulated that the loss of 
water was brought about by the Henry-Gauer reflex (Henry et al 1956), in 
which the stimulation of atrial stretch receptors induces a diuresis, by the 
supression of production of antidiuretic hormone (ADH). However, Leach 
and Rarabaut (l977) observed that no diuresis took place, and that the net 
loss of water appeared to be caused by a supression of thirst. The 
physiological mechanism responsible for the reduction in total body water 
has not yet been explained.
The magnitude of the inflight water loss was estimated in several 
different ways, probably the most accurate of which was from the change in 
body mass. The loss in body mass early in the flight was lo55 kg, whereas 
the gain in mass immediately following splashdo\vTi ifas 1 .2  -  1 .4  kg (section 
6e6ol). The discrepancy between these estimates may be explained by the 
suggestion, of Thornton and Ord (l977) that part of the early inflight loss 
in mass was caused by anorexia, due to * space sickness* (section 3.2.1), 
and not by the mechanism which maintains the inflight total body water at 
a reduced level, Leach and Rarabaut (l977) estimated the early inflight 
net loss of water to be 1800 ml, based on water balance data (section 6.6,3)? 
but they pointed out that the data were so scattered that they did little 
more than indicate that a net loss of water had taken place*
The difference in the measured total body water between the beginning 
and end of the flight included not only the early inflight reduction in 
body water, but also the loss of water which would have accompanied any 
reduction in cellular mass, such as that due to the partial muscle atrophy 
thought to occur in flight (section 7olo2)* Tracer dilution measurements 
gave a 1.18 kg mean change in total body water over the course of the 
flight (Table 6-9), which is less than the estimated 1.2 - 1.4 kg early 
inflight water loss, and makes no allowance for a further loss of water due
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to partial muscle atrophy. However, the standard deviation of the 
measurement of total body water is about 2$ of the body weight, or about
1.4 kg (Table 2-2, page 24), and it is possible that the loss of total 
body water was underestimated. It is certainly difficult to reconcile a 
cellular water content of 75^ (Allen et al 1959b) with the observed loss 
of 0,71 kg cell solids and 1*18 kg water (Table 6-9), unless it is assumed 
that either the cell solids were overestimated, or the water underestimated, 
or both. Estimates of the loss in total body water derived from the 
regression equations for total body volume and body weight were 1.4 kg and
1.8 kg respectively (section 6.5o4), but although these values are the 
expected order of magnitude, they were obtained very indirectly, and can 
not be regarded as at all accurate.
Taking all the data together, it seems unlikely that the mean change 
in total body water over the course of the flight was more than about 1.6 -
1.8 kgo There can be no doubt that some partial muscle atrophy took place 
during the flights (section 7 .1 o 2 ), but if it is accepted that 1 .2  -  1 .4  kg 
of the water loss was due to the acute adaptation to zero gravity, the loss 
of water from muscle atrophy could not have exceeded 0.6 kg, corresponding 
to a mean loss of muscle mass of under 0.8 kg. This estimate is in accord 
with the estimated mean loss of 0,52 kg muscle from the legs, by 
biostereometric analysis (Table 6-9), but is in sharp contrast with the 
much higher estimates of cellular loss by other methods. It is possible 
that the water lost in the acute adaptation to zero gravity was somewhat 
less than the 1.2 - 1.4 kg estimated, and that part of the increase in 
weight during the first few days postflight was due to an increase in fat 
or muscle tissue, rather than to a simple «rehydration*, but without 
further studies there is no way to resolve this question.
Summarising the observations on the changes in body water, the Skylah 
results support the hypothesis that the body loses water during the first 
1-2 days in orbit, as an adaptation to zero gravity. The loss of water - 
appears to be mediated by a supression of thirst, rather than by a diuresis, 
as previously speculated* The mean loss has been estimated at 1 .2  — 1 .4  
kg. The mean loss in body mass during the first 6 days inflight was 1*55 kg, 
probably made up of a combination of this loss of water, and a further loss 
of water, and possibly fat, resulting from the anorexia caused by «space 
sickness* (section 5.2.1) during the first 5 days in orbit. Later in the 
flight there was almost certainly a further loss of water associated with 
the partial atrophy of skeletal muscles, due to relative disuse (section
7 .1 .2 ) .  The magnitude of this loss cannot be estimated with any precision,
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but is unlikely to have exceeded 0,8 kg, and was more probably in the range 
0.4 - 0.6 kg,
7.1.2 Cell Solids
The most direct information on the change in cell solids over the 
course of the Skylah flights was provided by the exchangeable potassium 
(Table 6-9), the mean loss being 0.71 kg. About 0*1 kg of this loss was 
undoubtably associated with the 0.2 - 0.3 kg loss of red cells reported by 
Johnson et al (l974) and described in section 3o3. The remaining loss of 
cell solids was presumably due to the partial atrophy of skeletal muscle, 
due to relative disuse in the absence of gravity. Several studies have 
demonstrated a reduction in the girth of the thigh or calf muscles 
following spaceflight (e*g. Berry, 1973b), and a progressive reduction in 
calf girth was observed in the Skylab astronauts over the course of the 
SL-4 flight (Johnson et al 1977). However, in such determinations it is 
impossible to distinguish between changes in girth due to changes in muscle 
mass, and those due to changes in fat or fluid. Evidence for muscle 
atrophy was provided by the high correlation between the change in leg 
volume and exercise (Table 6-10), and by the observation of a marked 
reduction in leg strength postflight (Thornton and Hummel, 1977).
Table 6-14 gave estimates for the change in cellular mass over the 
course of the mission, calculated from the exchangeable potassium, the 
nitrogen and potassium balances, and the biostereometric analysis. The 
latter differed from the other measurements in that it was an estimate of 
the change in muscle mass in the legs, rather than cellular mass in the 
whole body, although it is probable that the changes in leg muscle formed 
the greater part of the total change in cellular mass.
The most notable feature of Table 6-14 is that the values in columns 
(2) and (3) appear to be far too high. The Slrylab mineral balance 
experiment was troubled by very erratic data, which the author believes was 
due to the investigators being unable to exercise sufficient control over 
the conduct of the experiment. It is simply impossible to believe, for 
example, that subject CR lost 4*71 grams of nitrogen and 10.99 millequivalents 
of potassium per day over the course of the flight (Table 6-I3), to give 
estimates for the cellular loss of 12.52 and 9.23 kg (Table 6-14), compared 
with a.total loss of body weight of only 0.18 kg. It is the opinion of 
the author that the mineral balance results for potassium and nitrogen are 
incorrect, and they will not be considered further. It is to be hoped, 
however, that further analysis of these results may eventually produce some 
useful conclusions*
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The estimated change in cellular mass from total body potassium 
(Table 6-14, column l) is considerably higher than the estimated change in 
muscle mass in the legs by biostereometric analysis (column 4), Between
0.2 and 0.3 kg of the reduction in cellular mass may be explained by the 
loss of red blood cells, leaving a mean loss of about 2 kg from other tissues. 
As stated in section 7.1.1, it seems likely that this is an overestimate of 
the cellular loss. This is not surprising, since the measurement of 
cellular mass from total body potassium is relatively inaccurate, with a 
standard deviation of about 3^ of the body weight, or 2,1 kg (Table 2-2).
It is impossible to assess the accuracy of the biostereometric estimates 
of leg muscle change (Table 6-14, column 4). The estimates are the order 
of magnitude suggested by considerations of total body water (section 7.1.1), 
but they show only partial agreement with the postflight measurements of 
leg strength by Thornton and Rummel (l977). The latter noted that the 
SL-2 and SL-3 crews showed a greater loss of strength from the legs than the 
SL-4 crew, and also noted that subject CN showed less change than the other 
two SL-2 crewmen, all of which agreed -vfith the observed changes in muscle 
mass. However, they noted little difference in leg strength between the 
SL-2 and SL-3 crews, whereas the estimated loss of muscle mass was much 
greater in the SL-2 crew. Two factors complicate this type of analysis - 
firstly, while it is to be expected that there will be a general agreement 
between strength and muscle mass, it is unlikely that the two will always 
correspond, and secondly, the inflight exercise programme was complicated 
by the use of several different devices, Thornton and Rummel stated that 
the SL-2 crew used only the bicycle ergometer, whereas the SL-3 crew used 
also exercise springs, and a device called the Ml{ 1 exerciser, which 
provided isotonic exercise for various muscle groups. The SL-4 crew used 
all of these devices, and also a «treadmill*, in which the subject walked 
on a slippery surface, m t h  elastic cords over the shoulders to simulate 
the force of gravity. The treadmill exercised primarily the calf muscles, 
which showed fatigue in a few minutes, in contrast with the bicycle, which 
could be used for prolonged periods, with fatigue occuring first in the 
thigh (Astrand and Rodahl, 1970). The regression equations for the change 
in leg volume (Table 6-11) supported the suggestion that the bicycle 
ergometer provided greater exercise for the thigh than for the calf, in that 
they predicted that an exercise level of 100 watt-min/day/kg LBM was 
necessary to prevent muscle atrophy from the calf, whereas a level of only 
81 watt-min/day/kg LBM was necessary to maintain the thigh muscles at their 
preflight volume.
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In summary, it is impossible to give an accurate estimate for the 
changes in cell solids over the course of the Skylab flights. The reported 
0,2 - 0,3 kg reduction in the red cell mass over the course of the flights 
(Johnson et al 1974) accounts for a loss of about 0.1 kg cell solids. It 
is probable that the remaining changes in cell solids were associated with 
changes in muscle mass, although changes in tissues other than red blood 
cells and muscles cannot be ruled out. Estimates of the changes in cell 
solids derived from the mineral balance experiment were extremely high, and 
almost certainly in error. The change in total body potassium gave an 
estimated mean loss of 0.71 kg cell solids, equivalent to a cellular loss 
of about 2.3 kg. Such a loss is not supported by the changes in total 
body water, and it is probably an overestimate. Biostereometric analysis 
provided estimates for the change in muscle mass in the legs of -1.43 kg 
to +0.10 kg, with a mean value of -0.52 kg. Such values appear to be the 
correct order of magnitude, but it is impossible to assess their accuracy, 
and they do not account for any changes in parts of the body other than the 
legs.
7.1,3 Eat
The changes in body fat over the course of the Skylab flights were 
examined in two ways - by attempting to determine the changes occuring in 
all of the body compartments (Table 6-9), and by relating the caloric intake 
of the subjects to their changes in total body volume (Table 6-12). There 
was, unfortunately, only a weak correlation between these two estimates 
(r = 0,69, significant at the 5^ level), although they agreed that subject 
CR gained fat during his time in orbit, and that 7 of the others lost fat, 
the results disagreeing for subject P. Table 6-9 gave a mean loss of 1.20 
kg for the 9 subjects, whereas the biostereometric analysis estimated the 
mean loss to be only 0.58 kg.
The estimates given in Table 6-9 were based on the measurements of 
total body water, exchangeable potassium, and body volume. Each of these 
measurements has an estimated standard deviation of about 2^ of the body 
weight (Table 2-2), Adding variances, and ignoring the relatively small 
inaccuracies involved in the measurement of body weight, the standard 
deviation for the estimation of body fat was 3i^. The standard deviation 
for the postflight change in body fat, given in Table 6-9, was 1,40 kg, or 
about 2^ of the body weight. This figure included both measurement errors 
and true subject-to-subject variation. The measurement was, therefore, 
rather more accurate than the 3i^ estimated above. However, the latter 
figure applied to absolute determinations of body fat, and it is probable 
that the accuracy for repeat measurements in the same subject would have
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been better than this.
The estimation of change in body fat from caloric intake is prone to 
two types of error - the errors of the biostereometric volume determination, 
probably with a standard deviation of about 2^, and the errors introduced 
by the assumption that all the subjects would have the same ratio of caloric 
needs to lean body mass. Even if all the subjects had the same basal 
metabolic rate; (per kilogram LBM), there were considerable differences 
between them in the amount of exercise taken.(Table 6-2). This could have 
been expected to produce differences in caloric requirements from one subject 
to another, and hence to produce a spread in the values for the caloric 
«NEEDS®, derived in section 6.5.2. 1000 watt-minutes of exercise (60
kilojoules) represent an energy consumption of 57 kilocalories, assuming a 
25^ efficiency for bicycling (Astrand and Rodahl, 1970). The greatest 
difference in inflight exercise (between subject K and subject GB) was 67.2 
watt-min/day/kg LBM, which is equivalent to a caloric difference of 3.8 kcal/ 
day/kg LBM. Thus the mean inflight caloric requirement of 49 kcal/day/kg 
LBM, derived in section 6.5.2, is subject to individual variation, although 
it seems likely that the range 47-51 kcal/day/kg LBM would apply to the 
majority of the subjects. On this basis, the accuracy of determining the 
change in body fat from the caloric intake is unlikely to be better than 
1 S.Do =1.4 kg, or about 2^ of the body weight. Thornton and Rummel (l977) 
estimated the caloric «NEEDS® to be 51.6 kcal/day/kg LBM, based on the 
inflight change in body mass (section 6.6.1), a value which agrees fairly 
well with the present estimate.
One aspect which should be discussed is whether the loss of fat 
observed in at least 7 of the astronauts was due to a lack of appetite, or 
to dietary restrictions. With the exception of subject W, who told the 
author that he had deliberately under-eaten, as he thought he was overweight, 
there can be no doubt that the loss of fat ivas due to the strict enforcement 
of the pre-planned diet, in support of the mineral balance experiment.
Except for subject W, all the astronauts on the SL-2 and SL-3 missions 
complained of hunger, after the first few days in flight. The diets had 
been planned to contain about 300 kcal/day less than the astronauts usually 
ate, following the recommendations of Vanderveen and Allen (1972), although 
a further 300 kilocalories were available, for use if required, in the form 
of items such as sweets and bicuits, which contained no nitrogen or 
minerals. These items proved unpopular, however, and from the midpoint of 
the SL-3 flight the controls had to be relaxed, to permit additional items 
of more conventional foods to be eaten* The SL-4 crew did not complain 
of hunger, having been permitted a much greater food intake, and as a
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result at least crewman CR returned to earth with an increased body fat.
There is thus little doubt that the loss of body fat is not an inevitable 
result of spaceflight, and the planners of future long term missions must 
aim to provide around 49 kcal/day/kg LBM for the crewien.
, Summarising the findings relating to changes in body fat, two methods 
were used to examine this body compartment in the Skylab astronauts. One 
was based on the total body water, potassium and body volume, and the 
other on the relationship between caloric intake and the postflight change 
in body volume. Both methods had an estimated standard deviation of 
between one and two kilograms. The mean change in body fat by the first 
method was a loss of 1,20 kg, and by the second method a loss of 0.58 kgo 
The correlation between the two sets of results was poor, probably because 
the changes observed were similar in magnitude to the standard deviations of 
the two methods. Nonetheless, the methods agreed to the extent that one 
subject gained fat during his flight, and another 7 subjects lost fat, the 
results disagreeing on the remaining subject. The high correlation 
between caloric intake and change in body volume strongly suggests that a 
caloric intake of between 47 and 51 kcal/day/kg LBM is necessary to prevent 
the loss of body fat over the course of a flight.
7.1.4 Bone Mineral
Two experiments provided information on the change in bone mineral 
over the course of the Skylab flights - bone densitometry and mineral 
balance. Table 6-17 summarises the results of both experiments.
Measurements of control subjects in the bone densitometry experiment 
gave standard deviations of up to 1,2^ for the radius, 1.8^ for the ulna, 
and 1.6^ for the os calcis (Vogel and Whittle, 1974), Postflight changes 
of less than two standard deviations were regarded as insignificant, and 
using this criterion the only significant changes observed in the Sltylab 
creimen were losses of density from the os calcis of 7.4^, 4,5^ and 7.9^, 
from subjects GR, GB and P, respectively.
As stated in section 7.1.2, the results from the mineral balance 
experiment were erratic and difficult to interpret. In the case of calcium,
the faecal excretion was extremely variable, and the balance calculations
gave no consistent pattern. In contrast, the urinary calcium was 
relatively stable from day to day, and showed a consistent pattern inflight, 
increasing over the course of 5 — 4 weeks to between 1.5 and 2,7 times the
preflight value (mean 1.9)> at which level it stabilised for the remainder
of the flight.
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If the urinary excretion in the last column of Table 6-17 had 
persisted for the whole of the flights, the subjects would have lost 
between 3 and 15 g calcium while in orbit, equivalent to between 8 and 37 g 
bone mineral. In practice, however, the loss would have been less 
than this, as the calcium excretion built up to its final level over the 
course of 3 - 4  weeks. Although such calculations are very approximate, 
they tally with the results of the bone densitometry experiment, in that 
the highest losses of calcium were observed in subjects GR and P, followed 
by subject GB. .
In Table 6-9, the subjects were estimated preflight to posess between 
3.19 and 4o81 kg of bone mineral. The estimated losses of up to 37 g
thus represent at most only about of the total. The investigator for
the bone densitometry experiment, Dr. JoMo Vogel, told the author that in 
prolonged immobilisation the densities of the distal radius and ulna tend 
to reflect the total body calcium, whereas the os calcis loses density much 
more rapidly. The failure to observe a change in the density of the 
distal radius and ulna is thus in line with the very modest estimated loss 
in total body bone mineral. It is not Imo’vm whether the loss in density 
of the os calcis is a magnified reflection of a change in total body calcium, 
or whether it is primarily a local phenomenon, due to the removal of stress 
from this particular bone.
One interesting observation is that subject CR did not show a loss of 
density from the os calcis, when his estimated urinary calcium loss was only 
23^ less than that of subject GB, who had a 4.5^ loss of density. Dr. W.E* 
Thornton, who was responsible for the inflight exercise programme, told the 
author that subject CR was the only astronaut to perform «toe springs* 
inflight, an exercise performed on the treadmill (section 7.1*2) in which 
the heels were repeatedly lifted off the walking surface by contraction of 
the calf muscles* This exercise could be expected to produce a 
considerable shear stress in the os calcis, and also some compressive stress 
as the heel impacts back onto the walking surface, and it is interesting to 
speculate that this subject may have thereby prevented a significant loss 
of calcium from this bone. However, there was no general correlation 
between the inflight exercise (Table 6-2) and either the urinary calcium 
excretion or the change in density of the os calcis.
Whedon et al (l977) anticipated no serious difficulties due to calcium 
loss on flights of 6-9 months, but they regarded the development of 
protective measures as essential for flights of any greater duration.
This subject is further considered in Chapter 9.
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Summarising the observations on bone mineral, the urinary calcium 
increased during the first 3 - 4 weeks of the flight, to an average of 
nearly double its preflight value, thereafter remaining at that level for 
the rest of the flight. The loss of calcium varied considerably from one 
subject to another, the mean loss being 155 mg/day during the 4th week of 
the flight* The total loss of calcium, estimated from the urinary 
excretion and-the time in orbit, was in the range 3 - 15 g, equivalent to 
8 - 37 g bone mineral, or less than Vjo of the body total. Bone densitometry 
showed no measurable loss of density from the radius and ulna, an observation 
which is consistent ivith a loss of bone mineral of less than 2 - yjo of the 
body total. 3 subjects, however, had significant losses of density from 
the os calcis; they also had the highest inflight losses of calcium, 
estimated from the excretion data. It is possible that exercise taken 
inflight may have modified the change in density in the os calcis, in at 
least one subject.
7.2 ■ Postflight Recovery of Body Composition
Only limited information is available on the changes in body composition 
which occured after the astronauts returned to earth. However, it is- 
possible to deduce the general pattern of the postflight changes from such 
data as exist.
The mean body weight increased rapidly for the first 3 days postflight, 
after which it stabilised (Figure 3-1> page 32). This pattern is 
consistent with an increase in total body water to replace that which ivas 
lost early in the flight (section 7.1.1), although the change appears to 
have been slower, taking about 48 hours, in contrast to the inflight loss 
of water, which was almost complete in 24 hours. The postflight increase 
in body water was apparently brought about mainly through an increase in 
fluid intake (Leach and Rambaut, 1977). The author observed that all the 
astronauts were very thirsty following their flights, and it seems likely 
that both the inflight loss of water, and its postflight replacement, were 
brought about by an alteration in thirst*. It is not know how an 
alteration in gravity is able to modify the thirst mechanism, and there is 
a clear need for further research to explain this observation. The 
postflight replacement of body water was confirmed by the observation that 
the total body water of all the subjects had returned to approximately 
preflight values by the next time it was measured, around R+14 (Dr. Carolyn 
Leach - personal communication).
Very little information exists on the changes in either cell solids 
or fat during the postflight period, A gradual replacement of cell solids 
is suggested by the observation that about two thirds of the postflight
99.
deficit in exchangeable potassium had been replaced by R+14 (Dr. Carolyn 
Leach - personal communication). All of the astronauts slowly increased 
their body weight during the postflight period (see appendix), indicating 
an increase in fat, or muscle, or both of these.
The changes in regional body volume (Table 6-5, Figures 6-1 and 6-2; 
pages 74-76 ), indicated a general increase in the volume of all regions 
of the body during the postflight period, fairly rapidly during the first 
4 days, and thereafter more slowly. There were insufficient measurements, 
however, to establish the exact time course of the changes. It was 
originally intended to make measurements on the SL-4 crew at R+31» but 
unfortunately administrative difficulties prevented this. The R+68 
measurements of the SL-4 crew showed considerable increases in the volume 
of the buttocks and thighs, strongly suggesting an increase in body fat 
over this period, an observation which is supported by the fact that their 
mean weight at this time was 2,8 kg higher than preflight. It is 
unfortunately impossible to distinguish between the gains in volume due to 
fat, and those due to muscle, so although it seems likely that any muscle 
mass lost during the flight would have been replaced during the postflight 
period, this cannot be confirmed* If, as suggested in section 4,8, future 
work is able to establish the pattern's of regional volume change associated 
with alterations in fat and muscle, it might well be possible to distinguish 
between the changes in fat and muscle on the SIcylab data.
No estimates of loan body mass were made during the late postflight 
period, because the biostereometric analysis, and the measurements of total 
body water and exchangeable potassium, were made several days apart.
The red cell mass returned to its preflight level 30 - 60 days after 
the flight, recovery being slowest following the shortest flight, and 
quickest following the longest one, an observation which has yet to be 
explained (Johnson et al 1974)*
The bone densitometry experiment revealed a very slow recovery in the 
density of the os calcis during the postflight period. Subject GR had 
regained his bone mineral by R+87, whereas subjects GB and P had not fully 
returned to preflight levels by the last occasion on which they were 
measured, R+95 (Vogel and Whittle, 1974). These observations suggest that 
it took longer to replace the bone mineral than it did to lose it. The 
urinary calcium was monitored for 18 days postflight, during which time 
it fell steadily, reaching the preflight level after 12 - 18 days. It is 
to be presumed that calcium retension took place during the postflight 
period, to replace the inflight losses, but apart from the increases in
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density of the os calcis, reported above, there is no evidence to support 
this assumption.
In summary, all of the changes which occured in flight apparently 
reversed during the postflight period. There is very little information 
available, however, on the postflight changes in muscle or fat. Both 
water and bone mineral were probably replaced more slowly than they had 
been lost in flight. The red cell mass was restored to preflight values 
in 30 - 60 days. There is no evidence to suggest that any of the 
astronauts suffered a permanent change in body composition as a result of 
his time in space,
7.3 Techniques for the Measurement of Body Composition
The present study is probably the first in which water, cell solids 
and fat have been measured simultaneously in a group of individuals, thereby 
covering 3 of the 4 body «compartments* suggested in Table 2-2, It is 
regrettable that the fourth compartment, bone mineral, was not also 
measured, but it is understandable that the NASA management should err on 
the side of caution, when considering the radiation dose involved in neutron 
activation analysis.
When the lean body mass (LBM) was calculated from the total body water, 
exchangeable potassium and body density, both singly and in combination, 
surprising variability was observed (Table 6-6). The results strongly 
suggested that the widely accepted formulae for estimating the LBM from these 
variables were incorrect. In particular, the total body water gave 
slightly high estimates for the LBM, and the exchangeable potassium very low 
ones, when compared with all the other estimates* It cannot be ruled out, 
however, that the discrepancies were due to differences between the 
astronauts® body composition and that of the « normal® population, possibly 
as a result of their high physical fitness.
Despite the uncertainties in its measurement, the LBM is a good basis 
for «normalising* data, in order to compare results between individuals 
(Behnlce, 1953; von Dobeln, 1956). Without such normalisation, the analysis 
of the present results, vdth respect to diet and exercise, would not have 
been possible. When used in this way, it is likely that errors of 2-3 kg 
in the LBM are of little consequence, and the common practice of 
estimating it from either the total body water or potassium is acceptable. 
When studying body fat, however, it is considered that these two methods 
are insufficiently accurate, and one of two other approaches should be used;
1) To estimate LBM from body density, the volume determination being made 
by underwater weighing (Behnlœ et al 1942) or volumetry (Allen, .I963).
While biostereometric analysis, after further development, m i l  almost
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certainly be acceptable for this purpose, the results given in Table 6-6 
siiggGst that, at present, the method is not accurate enough#
2) To estimate LBM by the «combined estimate® method described in section 
5»3*5, by measuring total body water, total body potassium, and body volume. 
In the present study the biostereometric method ivas used to estimate body 
volume, as no other method was possible, but again the accuracy, as it 
exists at the moment, is probably a little lower than desirable. For the 
most accurate estimate of LBM, it would also be advantageous to measure 
the bone mineral, by neutron activation analysis, although this is 
probably unnecessary except in special cases. The body contains 3-5 kg 
of bone mineral (Table 6—9), and an error of 20^ in its estimation would 
amount to only about 1^ of the body weight, which is comparable with the 
accuracy with which the other body «compartments® can be measured (Table 2-2)
When studying loss of weight, whether from spaceflight or from other 
causes, a knowledge of the density of the tissue lost would make it possible 
to say whether the loss consisted of fat, water, tissue solids, or a 
mixture of these. Unfortunately, none of the present techniques is 
sufficiently accurate for this purpose. Dr. P,Co Rambaut, one of the 
investigators for the biostereometric study of the Apollo I6 astronauts 
(Beiiy and Smith, 1972), told the author that the results of this experiment 
were not published in full, because the calculated density of the tissue 
lost was outside the physiological range. The reason for this is that 
the changes occuring could not be measured with sufficient accuracy, since 
they were similar in magnitude to the standard deviation of the measurement 
technique. For example, an error of 1 litre in the volume determination, 
which could be expected even from a technique \\d.th a standard deviation as 
low as 1^, would represent a 33^ error in determining the density for a 
tissue loss of 3 kg.
It seems unlikely that methods of measuring gross body composition 
will, in the forseeable fututre, reach the accuracy required to determine 
the tissues involved in changes of weight of the order of a few kilograms. 
However, two approaches appear promising for such investigations:
1) The use of a carefully conducted metabolic balance technique, such as 
that a Deitrick et al (l948). This procedure was attempted on Skylab, but 
the results were very variable, as discussed in section 7.1.2. The 
metabolic balance technique is much better at detecting changes in bone 
mineral and cell solids, which are reflected in changes in the calciuu and 
nitrogen balances, respectively, than for studying either water or fat, as 
it is generally impractical to measure either the insensible water loss or 
the expenditure of metabolic energy.
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2) The use of the biostereometric technique to determine the change in 
volume of different regions of the body. Although more background studies 
are needed, the results obtained in the present study suggest that changes 
in the different «compartments® of the body are associated id.th 
characteristic patterns of regional volume change, and that knowledge of 
these c o u I q  be used to determine the tissue changes in a given subject*
It thus appears that the biostereometric technique is potentially a 
very powerful tool for the study of body composition, and its ability to 
measure regional body volumes, rather than being simply a by-product of the 
measurement of total body volume, may prove to be its most useful attribute.
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CHAPTER 8 
CONCLUSIONS
1. The 9 Skylah astronauts returned from their spaceflights weighing 
less than they did at the time of launch, the mean loss being 3.03
kg, \d-th a range from 0.18 to 5ol7 kg. This weight loss was
similar to that observed on earlier American and Russian flights.
The change in body weight is thought to have resulted from changes 
taking "place in all 4 of the major body compartments - water, fat, 
cell solids and bone mineral.
2. Water was lost from the body during the first 1-2 days in orbit,
probably by a considerable reduction in fluid intake, in the presence 
of a slightly reduced urine volume, in response to the movement of 
blood into the central venous pool. The estimated loss, in a 
creivman of average size, was 1.2 - 1.4 kg. It was replaced in 2-3 
days following return to earth. The thirst mechanism is thought
to have played a key role in bringing about the changes in total 
body water, although the mechanism is unexplained.
3. At least 7 of the 9 astronauts lost body fat, probably due to the
combined effort of anorexia early in the flight, and inadequate 
caloric intake later, due to strict dietary control. The greatest 
estimated loss of fat was 2,73 kg, and the mean loss was 0,58 kg,
4. There was a high correlation between the inflight caloric intake
and the change in total body volume. From this relationship it was
deduced that a caloric intake of 47-51 kcal/day/kg lean body mass 
would be necessary to prevent the loss of fat while in orbit.
5o Changes in cell solids were thought principally to be due to the loss
of red blood cells and muscle tissue. The loss of red blood cells 
amounted to 0.2 - 0.3 kg, the loss becoming smaller as the mission 
length increased. The mechanism for the loss has not been fully 
explained, although it may be associated with the haemoconcentration 
which accompanied the inflight reduction in total body water,
6, Changes in muscle were measured with less certainty, but it is
probable that all but one of the Slrylab astronauts lost muscle from 
the legs, the greatest estimated loss being 1.43 kg, and the mean 
loss 0.52 kg. It is possible that muscle was also lost from parts 
of the body other than the legs.
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7. There was a high correlation between the inflight level of exercise
on the bicycle ergometer, and the change in volume of the legs.
From this, it was calculated that an inflight excerise of 80-100 
watt-min/day/kg lean body mass would be necessary to prevent atrophy 
of the leg muscles. It is possible, however, that some of the 
other exercise devices used may have been more important than the 
bicycle ergometer in limiting the extent of the muscle atrophy,
8. Although contributing little to the change in body weight, losses
of bone* mineral of up to Vjo occured in the Slrylab astronauts.
Local losses of bone density of up to 8^ were observed in the os 
calcis of 3 subjects. The loss of bone mineral could be expected
to produce a significant weakening of certain bones after 6-9 months.
9. Biostereometric analysis, using stereophotogrammetry, was used to
measure the total and regional body volumes of the Skylab astronauts. 
The estimated standard deviation for the volume measurement was 2^, 
although there is a systematic difference between the results from 
this method and those from underwater weighing. Certain improvements 
in the method, and a series of studies on the effects of diet and 
exercise on regional body volume, could make this method one of the 
most accurate and versatile for the study of body composition.
10. In contrast to other methods of studying body composition, the
stereoscopic photographs of the Skylab astronauts form a permanent 
archival record of their preflight and postflight body form, which 
can be re-examined at any future date, either to answer new questions, 
or to take advantage of improvements in analytical technique.
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CHAPTER 9 
THE FUTURE.OOP?
From these and other results, it is clear that space flights of up to 
3 months can he achieved without ill effects. The next question, to he 
considered is the likely effects of longer flights, lasting a year or more.
It is also important to consider which of the physiological changes noted 
are potentially harmful, and demand the development of countermeasures.
The body loses about a litre of water within two days of orbital 
insertion, and then enters a new stable state, apparently indefinitely. 
Changes in body fat appear to be related to food intake, just as they are 
on the ground, and may be prevented by an adequate food supply. It should 
be possible to prevent the atrophy of skeletal muscles by the use of suitable 
exercise devices. The red cell mass adjusts to a lower value inflight, but 
rather than being progressive, there appears to be a return towards preflight 
values with the passage of time. Although not considered in this study, 
the cardiovascular system adjusts to zero gravity mainly through a decreased 
orthostatic tolerance, which is established in the first 4 days of the 
flight, and which shows no tendency to become worse (Johnson et al 1977).
The only knoim physiological effect of spaceflight which is neither 
self-limiting nor readily controllable is the excretion of calcium. By 
analog}^ m t h  the results from subjects undergoing bed rest, as a simulation 
for weightlessness, Whedon et al (l977) expected very little reduction to 
occur in the rate at which calcium is lost, over a period of many months. 
Although the total amounts of calcium lost on Skylab were very small, being 
only about 1^ of the total body calcium in 3 months, Whedon et al pointed 
out that this loss appears to come preferentially from trabecular bone, whose 
strength is thereby compromised. This observation was borne out by the loss 
of bone density of up to 8fo observed in the os calcis of 3 subjects (section 
7.1.4), Whedon et al noted that osteoporosis visible on X-rays is seen 
in paralytic poliomyelitis at a time when the total body calcium has fallen 
by about 2^. While the presence of a mild degree of osteoporosis may be 
acceptable in astronauts returning from an extended period in space, it 
would clearly be unacceptable for this to progress to the point at which 
pathological fractures become likely. This problem could be overcome, for 
astronauts manning sp.-.ce stations in earth orbit, by limiting the time spent 
in zero gravity, but the astronauts on some future mission to Mars would 
need to spend 9 - 1 2  months on the journey there, and again on the journey 
back, after a similar period spent at 0,38 g on the planetary surface.
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On such a mission the risk of osteoporosis would he significant, and the 
consequences of sustaining a pathological fracture while on Mars would be 
very serious.
Tv\to approaches could be taken to minimise this risk - to select only 
subjects who lose calcium very slowly, or to develop countermeasures. It 
will be seen from Table 6-1? that there were considerable differences 
between the subjects in the rate at which they lost calcium in flight - 
clearly subject B would be a better risk for a prolonged spaceflight than 
subject CN. However, there remains the problem of how to predict the 
inflight loss of calcium in a given subject* Vogel and hTiittle (1974) 
described the use of a «prediction term®, based on the density of the os 
calcis and the urinary hydroxyproline, which gave a good correlation with 
the loss of calcium from subjects undergoing prolonged bed rest. 
Unfortunately, it gave disappointing results on the Skylab study. However, 
on the Slcylab study there was a weak correlation (r = O.63) between the 
preflight urinary calcium and the inflight calcium loss, and it is possible 
that a modified «prediction term®, including the urinary calcium, would give 
better results.
The most obvious countermeasure for the loss of calcium in spaceflight 
is to remove its presumed cause, weightlessness, by providing artificial 
gravity. However, the use of linear acceleration is impractical in earth 
orbit, and prohibitive in terms of fuel expenditure on interplanetary 
flights, and rotation of the spacecraft would make astronomical or earth 
observations difficult, and could cause vestibular problems (section 3.l)«
The provision of artificial gravity would also generally require a stronger 
(and hence heavier) spacecraft, and would prevent the use of zero-gravity 
manufacturing techniques, which are among the major economic attractions  ^
for the exploitation of space. Very advanced designs for space stations 
have included zero-g working areas and one-g living areas, and this may well 
be the ultimate solution to the calcium problem.
Experiments with exercise failed to prevent calcium loss dm'ing 
prolonged bed rest (Berry, 1973b), but work on this subject continues, 
including such schemes as continually stressing the skeleton with elastic 
cords. It is interesting to recall that subject CR may have prevented the 
local loss of mineral from the os calcis by the use of a particular 
exercise (section 7.1.4), and while this is far from certain it indicates 
a worthwhile line for future research. There is also a possibility that 
a biochemical means may be found for reducing or preventing skeletal calcium 
loss, although no such method exists at present. There was a slight 
increase in the serum concentration of parathormone in the Skylab astronauts.
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suggesting that this hormone ims responsible for the demineralisation of 
bone (Leach and Rambaut, 1977)> and it may be possible on future flights 
to prevent calcium loss by blocking its action.
Throughout this study it has been assumed that it is advantageous to 
prevent the loss of fat.and muscle mass from the astronauts while in flight. 
In the case of fat, this is probably true, since we now know that hunger 
accompanies the loss of fat, as in ground-based dieting, and it seems unwise 
to add to the stresses of the mission, even for the overweight astronaut!
In the case of the muscle mass, however, the situation is far less certain* 
Many investigators (e.g. Thornton and Rummel, 1977) are convinced that high 
physical fitness (as judged by a high maximal oxygen uptake) provides the 
best protection against the physiological changes of zero gravity, and that 
inflight exercise should aim to maintain fitness at this high level.
However, Klein et al (l977) showed that a high level of physical fitness in 
the preflight period increases the tendency to orthostatic intolerance post­
flight, and prolongs the recovery period, unless a great deal of exercise 
has been taken inflight. Klein et al suggest that those with «average® 
fitness are better suited for spaceflight than those who customarily take 
a lot of exercise. If, as Klein et al suggest, the degree of postflight 
orthostatic intolerance depends on the size of the vascular bed in the leg 
muscles, it is interesting to speculate that allowing a certain amount of 
muscle atrophy to occur inflight may prove to be beneficial. In such a 
case the subject is likely to be rather weak postflight, which would be more 
acceptable if he were returning to earth than if he were about to explore 
Mars, although even in the latter case a little weakness may be preferable . 
to a tendancy to faint.
Inflight exercise is popular with astronauts, not least because it 
gives relief from the sensation of fullness in the head (Berry, 1973b), and 
it is unlikely ever to be abandoned. However, it is important that future 
astronauts should spend no longer exercising than they need to, when they 
could be using their time better in performing their duties. In this 
respect it is likely that exercise devices such as the «treadmill® (section
7.1.2) may give more useful exercise, in a shorter time, than the bicycle 
ergometer.
In summary, the continuing loss of calcium appears to be the only 
serious physiological problem for prolonged space flight. On average, 
subjects are likely to develop significant osteoporosis after 6 - 9  months, 
but there are considerable difTerences between individuals, and given an 
effective way of predicting i;; iglit losses, it may be possible to select 
subjects who can tolerate exposures of double this duration. Various
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countermeasures to the loss of calcium are under investigation, and it is 
to be anticipated that eventually flights of unlimited duration m i l  be 
possible. On future flights the astronauts will need to be provided with 
adequate food, and some means of taking exercise, although both the type 
and quantity of exercise required have yet to be defined. As mission 
lengths increase, the psychological problems of the astronauts will 
probably become more important than the physiological ones. However, such 
considerations are beyond the scope of the present study.
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APPENDIX
Detailed Results of Body Volume Measurements-
Tables. Al - A9 give the part-by-part volumes (in litres) of the 
9 Skj^ lab astronauts on all the occasions on which measurements were made. 
Body weight (in kilograms) is also given, except for measurements W5 and 
CR7, for which it was not obtained.
Each set of data is identified by the c.rewman«s letter code and the 
session number, as listed in Table 5-1. For example, CN] is the third 
photographic session for subject CN, which took place two days before 
launch. The mission dates (F-39 etc), and the corresponding calendar 
dates, are also given in Table 5-1.
Table A-1
MISSION: SL-2 CREWMAN: CN
CN1 CN2 CN3 CN4 CN5
F-39 F-14 F-2 R+0 R + 19
HEAD 4.92 4.94 4.69 . 4.38 4.14
CHEST 13.98 13.52 13.80 13.41 13.57
ABDOMEN 10.30 9.45 9.77 9 ,72 9.49
BUTTOCKS 12 .56 12.04 11 .94 11 .58 11 .78
R ARM 3.14 3.12 3.16 3.15 3.14
R HAND 0.38 0 .43 0 .39 0 .39 0 ^ 39
L ARM 2.95 3.14 3.16 3 .22 3.08
L HAND 0 .40 0 .41 0 .36 0 .38 0 .38
R THIGH 4 .68 4.54 4.55 4.21 4.33
R CALF 2.57 2.58 2.54 2.32 2.51
R FOOT 0 .86 0.88 0.68 0 .92 0,93
L THIGH 4 .36 4.24 4.22 4.03 4.17
L CALF 2.54 2.54 2 .48 2.32 2 .53
L FOOT 0 .85 0 .87 0 .72 0 .79 0 .87
WHOLE BODY 64.46 62,70 62.48 60 .82 61 .31
BODY WEIGHT 64».41 62 ,26 61 .63 60 .21 61 .69
Table A-2
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MISSION: SL-2 CREWMAN: K
K1 K2 K3 K4 K5
F-39 F-14 F-2 ■ R+0 R + 19
HEAD 5.74 5.14 5.50 4.52 5 .02
CHEST 15.32 15.72 16,36 15.59 15.52
ABDOMEN 11 .54 11.11 11 .64 11 .66 10.91
BUTTOCKS 14.39 13.94 14 .41 13.63 13 .44
R ARM 4.07 3.70 3.99 3 .64 3.75
R HAND 0 .49 0 .48 0 .53 0 .49 0 .50
L ARM 3.79 3.67 3.84 3.56 3.58
L HAND 0 .47 0 .48 0 .50 0 .52 0 .49
R THIGH 7.20 6.74 6.87 6,18 6.34
R CALE 3.92 3.56 3.77 3.21 3.69
R FOOT 1 .08 1 .14 0.93 1 .17 1 .14
L THIGH 7.33 6.99 7.19 6,36 6,48
L CALF 3.86 3.58 3.75 3.26 3,60
L FOOT 1 .13 1 .17 1 .00 0 .99 1 .08
WHOLE BODY 80 .33 77.43 80 .29 74 .78 75.53
BODY WEIGHT 79.26 77.56 77.45 74 .28 75 .64
Table A-3
MISSION: SL-2 CREWMAN: W
W 1 W2 W3 W4 W5
F-39 F-14 F-2 R+0 . R + 19
HEAD 6,16 6.01 5.81 5,49 5.38
CHEST 18.05 17.54 18.09 17.46 17 .49
ABDOMEN 12.97 12 .67 12.56 11 .89 12.40
BUTTOCKS 15 .80 15.15 14.90 14.43 15.17
R ARM 3,61 3.40 3.39 3.25 3.33
R HAND 0 .45 0 .43 0 .45 0 .43 0 .44
L ARM 3.35 3.06 3 .29 3 .09 3 .28
L HAND 0 .47 0.39 0 .45 0 .42 0.45
R THIGH 6:45 5.94 5 .97 5.44 5.95
R CALF 3 .41 3.23 3.07 2.82 3.20
R FOOT 0 .99 1 .00 1.01 1 .14 1 .12
L THIGH 6.59 6.11 6.18 5.63 6,06
L CALF 3 .37 3.17 3.09 2 ,78 3 ,24
L FOOT 1.01 1 .04 1.11 0 .98 1 .05
WHOLE BODY 82.67 . 79.13 79.38 75.25 78.55
BODY WEIGHT 82.55 80 .40 80 .51 75.98
Table A-4
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MISSION: SL-3 CREWMAN: B
B1 B2 83 84 85
F-31 F-14 F-5 ■R + 1 R+31
HEAD 4.12 4.23 4.26 4.00 4.65
CHEST 14.61 15.06 14.77 14.52 15.44
ABDOMEN 10 .69 10 .50 10 .52 9.56 10.81
BUTTOCKS 12.74 12.87 12.57 12.02 13.20
R ARM 3.35 3.55 3.40 3.20 3.46
R HAND 0 .47 0 .45 0 .39 0 .41 0 .49
L ARM 3.15 3.24 3.13 2.97- 3.34
L HAND 0 .43 0 .43 0 .41 0 .41 0 .48
R THIGH 5.24 5.45 5.23 5.11 5.60
R CALF 2 .92 2.96 2.84 2.72 • 3.01
R FOOT 0 .98 0 .92 0 .87 0 .89 1 .06
L THIGH 4.97 5.16 4.99 4.72 5.32
L CALF 2.79 2.81 2 .72 2.57 2.89
L FOOT 0 .99 0 .93 0 .88 0 .94 1 .03
WHOLE BODY 67.45 68.57 67.00 64 .11 70 .77
BODY WEIGHT 68 .49 68.95 68.61 64.18 69.97
Table A-5
MISSION: SL -3 CREWN'IAN: GR
GR1 GR2 GR3 GR4 GR5
F-31 F-14 F-5 R + 1 R+31
HEAD 4.34 4.44 4.55 4 .38 4 .60
CHEST 12.83 13.35 12.87 12.54 12 .94
ABDOMEN 9.14 9.26 8.76 8.33 9.23
BUTTOCKS 12.01 11 .96 11 .66 11 .20 12.12
R ARM 2.92 2.79 2.7.8 2.81 3.15
R HAND 0.41 0 .42 0 .32 0 .38 0 .40
L ARM 2.72 2.55 2.57 2.56 2.83
L HAND 0.36 0 .38 0 .30 0.38 0 .39
R THIGH 4.82 4.85 4.83 4 .46 4 .80
R CALF 2.70 2.73 2.57 2.43 2.74
R FOOT 0 .89 0 .84 0.76 0 .79 0 .95
L THIGH 4.79 4.78 4.67 4.41 4.77
L CALF 2.73 2.77 2.60 2.46 2.77
L FOOT 0 .87 0 .82 0 .71 0 .83 0 .94
WHOLE BODY 61.53. 61 .95 59.93 57.97 62.63
BODY WEIGHT 62.26 61 .57 62.03 58.29 61 .01
Table A-6
112.
MISSION: SL-3 CREWMAN:
L1 L2 L3 L4
F-31 F-14 F-5 R + 1
HEAD 5.24 5.30 5.58 5.09
CHEST 18.60 19.33 19.49 19.14
ABDOMEN 12.43 12.64 12.77 11 .62
BUTTOCKS 15.85 16.00 15.95 15.06
R ARM 4.35 4 .40 4 .41 4.07
R HAND 0 .48 0 .51 0 .49 0 .48
L ARM 4.20 4.16 4 .26 3 .99
L HAND 0 .48 0 .49 0 .43 0 .45
R THIGH 6,71 6.58 6 ,68 6.32
R CALF 3.57 3.55 3.51 3.25
R FOOT 1 .14 1 .01 1.01 1.05
L THIGH 6.87 6.70 6 ,68 6.41
L CALF 3.55 3 .46 3.42 3.22
L FOOT 1.15 0 .99 0.97 1.11
WHOLE BODY 84.63 85.12 85.65' 81 .27
BODY WEIGHT 87.88 88.45 8).88 84.14
Table A-7
MISSION; SL-4 CREWMAN : CR
CR2 CR3 CR4 CR5 CR6 CR7 CR8
F —2 1 F-10 F —6 R+0 R + 1 R+4 R +68
HEAD 4.29 4.49 4.49 4.38 4.50 4.59 4.34
CHEST 15.77 16.36 16,64 17.18 16.94 17.89 16.65
ABDOMEN 10 .75 10 ,93 11 .37 11 .23 11 .68 -11 .55 11.10
BUTTOCKS 12.11 12.53 12 .55 12 .73 12.52 ' 12.68 13.16
R ARM 3 .27 3.31 3 .24 3.28 3.22 3.40 3.45
R HAND 0 .39 0 .48 0 .45 0 .41 0 .44^ 0 .47 0 .49
L ARM 2 .99 3.02 2.95 2.97 2.91 3.00 3.11
L HAND 0 .39 0 .40 0 .41 0 .39 0 .42 0 .43 0 .47
R THIGH 4.74 5.04 ' 4.95 4.73 4 .84 4.96 5 .29
R CALF 2.53 2.71 2.58 2.40 2.59 2 .52 2.70
R FOOT 0 .97 1 .04 0 .98 0 .95 0 ,97 1.01 1 .02
L THIGH 4.59 4 .86 4.75 4.58 4,68 4.79 5.08
L CALF 2.56 2.70 2.58 2.43 2.59 2.54 2 ,66
L FOOT 0 .90 1 .00 0 .99 0 .95 1 .01 1 .04 1 .04
WHOLE BODY 66 ,25 68.85 68.92 68,61 69.32 70 .89 70 .56
BODY WEIGHT 67.81 67.81 68.72 67.93 67.13 68.83
Table A-8
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MISSION; SL-4 CREWMAN; GB
GB2 GB3 GB4 GB5 GB6 GB7 GB8
F-21 F-10 F —6 R+0. R + 1 R+4 R+68
HEAD 4.53 4.58 4.51 4.59 4.65 4.68 4.58
CHEST 16.53 16.32 15.88 15.53 16.63 16.44 16.48
ABDOMEN 12.07 11 .65 12.11 10 .62 11 .86 11 .02 12 .43
BUTTOCKS 13.71 13.88 13 .69 13.40 13.54 13.63 14 .47
R ARM 3 .42 3 .43 3.43 3 .66 3.59 3.49 3 .85
R HAND 0.41 0 .42 0 .47 0 .44 0 .45 0 .43 0 .44
L ARM 3.24 3.25 3.23 3.31 3 .26 3.35 3 .46
L HAND 0 .40 0 .41 0 .44 0 .44 0 .46 0 .43 0.46
R THIGH 5.55 5 .76 5.52 5.12 5.40 5.56 6.00
R CALF 2.67 2.84 2.83 2 .58 2 .62 2.78 2 .89
R FOOT 0.96 0 .93 0 .93 0 .81 0 .87 0 .89 0.92
L THIGH 5.18 5.39 5.14 5.02 5.23 5.35 5.65
L CALF 2 .67 2.88 2.82 2.60 2.61 2.70 2.91
L FOOT 0 .92 0 .92 0 .96 0 .82 0 .87 0.88 0 .95
WHOLE BODY 72.28 72.65 71 .95 68.95 72.03 71 ,63 75.50
BODY WEIGHT 71 .67 71 .67 70 .99 68 .95 69 .40 70 .76 75 .30
Table A-9
MISSION: SL-4 CREWMAN:
P2 P3 P4 P5 P6 P7 P8
F-21 F-10 F —6 R+0 , R + 1 R +4 R +68
HEAD 4.44 4 .41 4.39 4.43 4.41 4.50 4.51
CHEST 15 .56 15.52 15.23 15.59 15.87 16.20 16 « 66
ABDOMEN 10 .37 10 .22 10 .78 9.74 10 .24 10.12 11 .17
BUTTOCKS 12 .85 12.83 12.64 12 .42 12.88 12 .73 13 .67
R ARM 3 .35 3.47 3.30 3.41 3.39 3 .43 3.55
R HAND 0 .43 0 .45 0 .44 0 .49 0 .44 0 .48 0 .45
L ARM 3.05 3.11 3.09 3.16 3.13 3.18 3.29
L HAND 0 .43 0.44' 0 .44 0 .45 0 .44 0 .47 0 .44
R THIGH 4.92 5.06 4.94 4.84 4.81 4.95 5.52
R CALF 2.58 2.63 2.60 2.44 2.51 2.55 2.81
R FOOT 1 .02 1.04 0 .97 0 .89 0 .92 0 .99 1.02
L THIGH 5.13 5 .23 5.08 4.93 4.93 5.14 5.67
L CALF 2.75 2.78 2.74 2.47 2.55 2 .67 2.88
L FOOT 0.99 1.01 1 .00 0 .87 0.93 1 .00 1 .04
WHOLE BODY 67.86 68.20 67.62 66.15 67.44 68 .43 72.68
BODY WEIGHT 68 ,04 67.70 67.13 66.68 66.79 67.36 71 .55
SKYLAB EXPERIIIENTS M071 AIID M172 
DAILY BODY WEIGHTS OF FIRST SKYLAB CREW (SL-2)
Notes: 1.
2.
Except for the first shipboard weights, all weighings were 
performed after first urination and before breakfast.
Ground-based weighings were performed with the crewman nude. 
Inflight mass measurement was made on the BIEID, using a bth order 
curve fit of DOY 151 calibration data. Corrections have been 
made for clothing weight, and for the buoyancy of the body in 
air when weighed in 1-g.
Abbreviations : DOY
MD 
N.D,
Day of Year (Julian Day) 
Mission Day 
Not Done
PREFLIGHT: CONRAD KERUIN WEITZ
DOY DATE MD Ib. Kg. Ib. Kg. Ib. Kg.
115 25 APR F-30 138.5 62.8 173.3 78.6 179.5 81.4
110 20 APR F-29 137.8 62.5 173.0 78.5 179.3 81.3
117 27 APR F-28 137.8 62.5 172.8 78.4 178.5 81.0
118 28 APR F-27 137.8 62.5 172.8 78.4 178.5 81.0
iiy 29 APR F-2u 137.0 62.1 171.5 77.8 178.0 80.7
120 30 APR F-25 137.0 62.1 171.8 77.9 178.3 80.9
121 1 MAY F-24 138.5 62.8 171.5 77.8 178.3 80.9
122 2 MAY F-23 138.5 62.8 171.9 78.0 177.0 80.3
123 3 MAY F-22 137.3 62.3 171.5 77.8 177.0 80.3
124 4 MAY F-21 130.8 62.0 171.0 77.6 176.8 80.2
125 5 MAY F-20 136.3 61.8 170.9 77.5 176.3 79.9
126 0 MAY F-19 138.5 62.8 172.5 78.2 176.3 80.2
127 7 MAY F-18 138.0 62.6 171.5 77.8 176.3 79.9
128 8 MAY F-17 137.8 62.5 172.5 78.2 176.0 79.8
129 9 MAY F-lO 130.5 61.9 170.8 77.5 174.5 79.2
130 10 MAY F-15 130.5 61.9 171.8 77.9 175.5 79.6
131 11 MAY F-14 137.3 62.3 171.0 77.6 175.5 79.6
132 12 MAY F-13 137.3 62.3 170.8 77.5 175.8 79.7
133 13 llAY F-12 137.0 62.1 171.5 77.8 175.0 79.4
134 14 Mi\Y F-11 130.8 62.0 171.0 77.6 175.0 79.4
135 Ij MAY F-10 ■ 135.8 01.0 . 170.3 77.2 N.D, N.D.
130 16 MAY F -9 130.8 62.0 171.0 77.6 175.5 79.6
137 17 MAY :F -8 137.0 62.1 N.D. N.D. 175.8 79.7
138 18ZMY F -7 135.8 61.0 171.5 77.8 175.8 79.7
139 19 MAY F -b 130.8 62.0 172.8 78.4 177.0 80.3
140 20 MAY F -5 130.8 62.0 172.3 78.1 176.5 80.1
141 21 MAY F -4 137.8 62.5 172.8 78.4 178.5 81.0
142 22 I'L\Y F -3 N.D. N.D. N.D. N.D. N.D. N.D.
143 23 MAY F -2 130.0 61.7 170.8 77.5 177.0 80.3
144 24 MAY F -1 130.8 62.0 171.3 77.7 175.8 79.7
145 25 MAY 1 130.5 61.9 170.3 77.2 175.8 79.7
112,
INFLIGHT; ‘ CONRAD ■ XERWIN WEITZ
DOY DATE MD lb. Kg. lb. Kg. lb. Kg.
145 25 MAY 1 136.5 61.9 170/3 77.2 175.8 79.7
146 26 MAY 2 N.D. N.D. N.D. N.D. N.D. N.D.
147 27 MAY 3 N.D. N.D. N.D. N.D. N.D. N.D.
148 28 MiVY 4 N.D. N.D. N.D. N.D. N.D. N.D.
149 29 MAY 5 135.4 61.4 166.6 75.6 175.1 79.4
15Ü 30 MAY 6 135.0 61.2 165.9 75.2 174.6 79.2
151 31 MAY 7 136.8 62.1 167.7 76.1 173.9 78.9;
152 1 JUN 8 134.8 61.1 166.1 75.3 174.2 79.0
153 2 JUN 9 136.0 61.7 166.4 75.5 173.2 78.6
154 3 JUN 10 135.8 61.6 167.2 75.9 172.0 78.0
155 4 JUN 11 134.9 61.2 167.3 75.9 173.8 78.8
156 5 JUN 12 135.8 61.6 166.0 75.3 174.5 79.1
157 6 JUN 13 133.4 60.5 164.6 74.7 174.4 79.1
158 7 JUN 14 132.4 60.1 166.1 75.3 173.0 78.5
159 8 JUN 15 133.7 60.7 165.1 74.9 172.2 78.1
16U 9 JUN 16 134.4 61.0 167.5 76.0 173.4 78.6
161 10 JUN 17 135.3 61.4 167.6 76.0 172.9 78.4
162 11 JUN 18 134.7 61.1 166.9 75.7 172.0 78.0
163 12 JUN 19 134.9 61.2 167.4 75.9 173.2 78.6
164 13 JUN 20 135.2 61.3 166.2 75.4 172.4 78.2
165 14 JUN 21 133.9 60.7 167.7 76.1 171.8 77.9
166 15 JUN 22 135.2 61.3 167.0 75.7 172.6 78.3
167 16 JUN 23 134.7 61.1 166,6 75.6 170.5 77.3
168 17 JUN 24 135.1 61.3 166.9 75.7 171.2 77.7
169 18 JUN 25 N.D. N.D. N.D. N.D. N.D. N.D.
170 19 JUN 26 133.6 60.6 165.3 75.0 170.3 77.3
171 20 JUN 27 133.1 60.4 165.4 75.0 170.6 77.4
172 21 JUN 28 133.3 60.5 165.2 74.9 170.3 77.2
173 22 JUN R+ 0 134.0 60.8 164.2 74.5 168.7 76.5
POSTFLIGHT; CONRAD KERWIN WEITZ
DOY DATE MD lb. Kg. lb. Kg. lb. Kg.
R+Ü 1st SHIPBOARD WTS. 132.8 60.2 163.8 74.3 167.5 76.0
174 23 JUN R+ 1 133.5 60.6 162.8 73.8 168.5 76.4
175 24 JUN R+ 2 133.8 60.7 165.5 75.1 172.3 78.1
176 25 JUN R+ 3 134.5 61.0 N.D. N.D. 170.0 77.1
177 26 JUN R+ 4 135.0 61.2 164.5 74.6 170.5 77.3
178 27 JUN R+ 5 136.5 61.9 165.0 74.8 170.0 77.1
179 28 JUN R+ 6 136.0 61.7 165.5 75.1 171.0 77.6
180 29 JUN R+ 7 136.5 61.9 N.D. N.D. 170.8 77.5
181 30 JUN R+ 8 13u.O 61.7 165.5 75.1 170.8 77.5
182 1 JUL 'R+ 9 N.D. N.D. N.D. N.D. N.D. N.D.
183 2 JUL R+lO 135.5 61.5 165.0 74.8 171.3 77.7
184 3 JUL R+11 134.0 60.8 165.8 75.2 171.0 77.6
185 4 JUL R+12 134.0 60.8 N.D. N.D. 171.5 77.8
186 5 JUL R+13 134.0 60.8 165.3 75.0 170.3 77.2
187 6 JUL R-rl4 134.5 61.0 165.0 74.8 170.8 77.5
188 7 JUL R4-15 N.D. N.D. N.D. N.D. 170.8 77.5
189 8 JUL R+16 N.D. N.D. N.D. N.D. 171.0 77.6
Prepared by Dr. H. W. Whittle
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SKYLAB EXPERIMENTS HÜ71 AND M172 
DAILY BODY WEIGHTS OF SECOND SKYLAB CREW (SL-3)
Notes; 1. Except for the first shipboard weighings, and elsewhere as 
noted, all weighings were performed after first urination 
and before breakfast.
2. Ground-based weighings were performed with the crewman nude. 
Inflight mass measurement /^as made on the BîRlD. The body 
weight of Lousma exceeded the highest calibration mass by 
20 iCg., so the absolute accuracy of his inflight weights is 
unknovTn. In order to minimise errors in extrapolation, only 
a second order curve fit was used, based on DOY 211 calibration 
data. Corrections have been made for clothing weight, and for 
the buoyancy of the body in air when weighed in 1-g.
Abbreviations; DOY Day of Year (Julian Day)
HD Mission Day
N.D. Not Done
PREFLIGHT ; BEAN GARRIOTT LOUSMA
DOY DATE MD Ib. Kg. Ib. Kg. Ib. Kg.
188 7 JUL F-21 152.8 69.3 138.8 62.9 196.3 89.0
189 8 JUL F-20 150.8 68.4 137.8 62.5 191.3 86.7
190 9 JUL F-19 150.3 68.2 13ü.0 61.7 194.3 88.1
191 10 JUL F-18 151.8 68.8 137.0 62.1 193.8 87.9
192 11 JUL F-17 151.0 68.5 136.0 61.7 193.3 87.7
193 12 JUL F-10 150.0 68.0 135.5 61.5 192.0 87.1
194 13 JUL F-15 151.3 68.6 137.0 62.1 193.3 87.7
195 14 JUL F-14 152.0 68.9 135.8 61.6 195.0 88.5
190 15 JUL F-13 151.3 68,6 136.0 61.7 195.3 88.6
197 lo JUL F-12 150.5 68.3 135.5 61.5 194.3 88.1
198 17 JUL F-11 151.0 68.5 137.5 62.4 193.5 87.8
199 18 JUL F-10 151.5 68.7 136.8 62.0 193.5 87.8
2ÜÜ 19 JUL F -9 152.0 68.9 137.0 62.1 194.5 88.2
201 20 JUL F -8 151.3 68.6 135.8 61.6 194.8 88.3
202 21 JUL F -7 151.3 68.6 135.3 61.3 194.3 88.1
203 22 JUL F -0 150.0 , 68.0 136.0 61.7 192.8 87.4
204 23 JUL F -5 151.0 68.5 130.5 61.9 193.3 87.7
205 24 JUL ^ F -4 151.8 68.8 137.8 62.5 195.0 88.5
200 25 JUL F -3 152.3 69.1 137.3 62.3 190.3 89.0
207 20 JUL F -2 151.3 68.6 134.8 61.1 195.8 88.8
208 27 JUL F -1 151.3 68.6 135.0 61.2 194.5 88.2
209 28 JUL 1 151.0 68.5 136.3 61.8 194.8 88.3
117.
INFLIGHT: . BEAN GARRIOTT LOUSMA
DOY DATE MD lb. Kg. lb. Kg. lb. Kg.
209 28 JUL 1 151.0 68.5 136.3 61.8 194.8 88.3
210 29 JUL 2 147.8 67.1 133.5 60.5 190.6* 86.5*
211 30 JUL 3 147.5 66.9 131.2 59.5 185.5* 84.2*
212 31 JUL 4 146.1 66.3 130.9 59.4 188.6* 85.6*
213 1 AUG 5 146.3 66.4 131.0 59.4 188.0 85.3
214 2 AUG 6 145.4 65.9 131.2 59.5 189.0 85.7
215 3 AUG 7 144.8 65.7 131.2 59.5 188.1 85.3
216 4 AUG 8 145.3 65.9 131.0 59.4 189.1 85.8
217 5 AUG 9 145.0 66.1 130.8 59.3 189.7 86.1
218 6 AUG 10 140.2 66.3 130.7 59.3 189.3 85.9
219 7 AUG 11 145.6 66.0 129.4 58.7 189.1 85.8
220 8 AUG 12 144.8 65.7 130.3 59.1 189.3 85.9
221 9 AUG' 13 145.6 66.1 130.9 59.4 189.9 86,1
222 10 AUG 14 146.6 60.5 130.9 59.4 188.8 85.7
223 11 AUG 15 146.2 66.3 130.1 59.0 189.7 86.1
224 12 AUG 16 145.8 66.1 130.4 59.2 189.3 85.9
225 13 AUG 17 145.5 66.0 130.2 59.1 189.3 85.9
226 14 AUG 18 145.1 65.8 129.4 58.7 189.1 85.8
227 15 AUG 19 145.7 66.1 130.6 59.2 189.5 86.0
228 16 AUG 20 146.0 66.2 130.3 59.1 188.3 85.4
229 17 AUG 21 146.4 66.4 129.9 58.9 188.8 85.6
230 18 AUG 22 146.3 66,4 129.3 58.6 189.8 86.1
231 19 AUG 23 146.6 66.5 129.3 58.7 189.1 85.8
232 20 AUG 24 145.3 65.9 130.4 59.1 190.2 86.3
233 21 AUG 25 146.2 66.3 130.2 59.1 188.8 85.6
234 22 AUG 26 146.5 60.5 129.6 58.8 188.8 85.7
235 23 AUG 27 145.7 66.1 129.3 58.6 188.6 85.5
236 24 AUG 28 145.7 66.1 130.5 59.2 188.1 85.3
237 25 AUG 29 145.1 65.8 129.5 58.7 188.6 85.6
238 26 AUG 30 145.6 66.0 129.2 58.6 187.8 85.2
239 27 AUG 31 146.4 66.4 129.9 58.9 188.8 85.7
240 28 AUG 32 146.7 66.5 129.7 58.8 189.3 85.9
241 29 AUG 33 146.1 66.3 129.9 58,9 189.0 85.7
242 30 AUG 34 146.8 66.6 129.3 58.6 189.4 85.9
243 31 AUG 35 146.3 66.4 129.1 58.6 188.8 85.7
244 1 SEP 36 140.3 66.4 129.4 58.7 189.0 85.7
245 2 SEP 37 14U.1 66.3 129.3 58.7 188.1 85.3
246 3 SEP 38 146.8 66,6 129.5 58.8 188.1 85.3
247 4 SEP 39 146.1 66.3 128.9 58.5 188.7 85.6
248 5 SEP 40 146.4 60,4 130.0 59.0 188.2 85.4
249 6 SEP 41 145.8 60.2 128.5 58.3 188.7 85.6
250 7 SEP 42 146.5 66.4 128.5 58.3 189.3 85.9
251 8 SEP 43 14U.7 6u.5 129.4 58.7 188.1 85.3
252 9 SEP 44 146.8# 66.6# 129.8 58.9 188.7 85.6
253 10 SEP • 45 147.1 60.7 , 128.0 58.1 189.0 85.7
254 11 SEP 46 145.4 66.0 128.2 58.2 189.9 86.1
255 12 SEP 47 146.1 66.3 129.1 58.6 188.8 85.7
•>’c BÎCID readings very scattered ■- measurements iunreliable.
# ^Measurement made after breakfast - mass of breakfast deducted.
INFLIGHT: (Contd.) BEAN GARRIOTT
118.
LOUSMA
DOY DATE MD lb . Kg. lb . Kg. lb . Kg.
256 13 SEP 48 144.5 65.5 128.6 58.4 188.8 85.7
257 14 SEP 49 145.1 65.8 128.5 58.3 188.3 85.4
258 15 SEP 50 145.5 66.0 128.6 58.3 188.8 85.6
259 16 SEP 51 146.0 66.2 128.6 58.3 188.1 85.3
260 17 SEP 52 '145.4 65.9 129.0 58.5 188.8 85.7
261 18 SEP 53 145.1 65.8 128.2 38.2 188.1 85.3
262 19 SEP 54 145.6 66.0 129.0 58.5 189.0 85.7
263 20 SEP 55 145.8 66.2 128.9 58.5 188.5 85.5
264 21 SEP 56 145.0 65.8 > 130.0 59.0 187.7 85.2
265 22,..SEP 57 144.3 65.4 ., 129.1 58.6 188.0 85.3
266 23 SEP 58 143.9 65.3 127.9 58.0 187.7 85.1
267 24 SEP 59 143.4 65.0 128.3 58.2 186.6 84.7
268 25 SEP R+ 0 142.4 64.6 128.4 58.2 185.5 84.1
POSTFLIGHT: BEAN GARRIOTT LOUSMA
DOY DATE MD lb . Kg. lb . Kg. lb . Kg.
R+0 1st SHIPBOARD WT. 142.5 64.6 129.5 58.7 185.5 84.1
269 26 SEP R+ 1 141.5 64,2 128.5 58.3 185,5 84.1
270 27 SEP R4- 2 142.3 64.5 129.8 58.9 186.5 84.6
271 28 SEP R+ 3 N.D. N.D. 132.8 60.2 N.D. N.D.
272 29 SEP R+ 4 147.3# 66.8# 132.3 60.0 192.0 87.1
273 30 SEP R+ 5 146.5 66.5 132.8# 60.2# 191.8 87.0
274 1 OCT R+ 6 147.0 66.7 132.3 60.0 192.0 87.1
275 2 OCT R+ 7 147.8 67.0 132.5 60.1 192.3 87.2
276 3 OCT R-f 8 147.3 66.8 133.3 60.4 190.0 86.2
277 4 OCT R+ 9 147.3 66.8 133.0 60.3 191.3 86.7
278 5 OCT R+10 147.5 66.9 133.5 60.6 193.5 87.8
279 6 OCT R+11 148.0 67.1 134.5 61.0 193.5 87.8
280 7 OCT R+12 147.8 67.0 133.8 60.7 193.0 87.5
281 8 OCT R4-13 148.0 67.1 134.8 61.1 193.3 87.7
282 9 OCT R+14 148.0 67.1 134.8 61.1 193.5 87.8
283 10 OCT R+15 148,5 67.4 134.5 61.0 194.3 88.1
284 11 OCT R+16 149.0 67.6 134.8 61.1 195.5 88.7
285 12 OCT R+17 148.8 67.5 134.0 60.8 194.5 88.2
286 13 OCT R+18 N.D. N.D. 134.5 61.0 N.D. N.D.
287 14 OCT R+19 N.D. N.D. N.D. N.D. N.D. N.D.
288 15 OCT R+20 N.D. N.D. N.D. N.D. N.D. N.D.
289 16 OCT R+21 152.0 68.9 N.D. N.D. N.D. N.D.
290 17 OCT R+22 151.5 68.7 136.8 62.0 N.D. N.D.
291 18 OCT R+23 151.0 68.5 135.8 61.6 N.D. N.D.
292 19 OCT R+24 151,0 68.5 134.5 61.0 N.D. N.D.
293 20 OCT R+25 150.8 68,4 134.3 60.9 N.D. N.D.
294 21 OCT R+26 152.0 68.9 135.0 61.2 N.D, N.D.
295 22 OCT R+27 152.0 68.9 136.3 61.8 N.D. N.D.
296 23 OCT- R+28 152.5 69.2 135.3 61,3 N.D. N.D.
297 24 OCT R+29 153.0 69.4 136.3 61.8 194.0 88.0
298 25 OCT R+30 152.8 69.3 N.D. N.D. N.D. N.D.
299 26 OCT R+31 153.5 69.6 134.5 61.0 N.D. N.D.
300 27 OCT R+32 N.D. N.D, 135.8 61.6 N.D. N.D.
301 28 OCT R+33 N.D. N.D. 136.3 61.8 N.D. N.D.
302 29 OCT R+34 N.D. N.D. 136.5 61.9 N.D. N.D.
# Measurement made after breakfast - weight of breakfast deducted, 
Prepared by Ur, M. W. Whittle
j iU / ^ ix^iU iki.é^
DAILY BODY WEIGHTS OF FINAL SKYLAB CREW (SL-4)
Notes: 1.
2.
Except for the first shipboard weights, all weighings were 
performed after first urination and before breakfast.
Ground-based weighings were performed with the crewman nude. 
Inflight mass measurement was made on the B>CID, using a 4th order 
curve fit of DOY 211 calibration data. Corrections have been 
made for clothing weight, and for the buoyancy of the body in 
air when weighed in 1-g.
Abbreviations DOY Day of year (Julian
MD Mission day
N.D, Not done
PREFLIGHT : CARR GIBSON POGUE
DOY DATE MD Ib. Kg. Ib. Kg. Ib. Kg.
281 8 OCT F-39 N.D. N.D. 155.5 70.5 N.D. N.D.
282 9 OCT F-38 . N.D. N.D. 155,0 70.3 N.D. N.D.
283 10 OCT F-37 N.D. N.D. 157.5 71.4 N.D. N.D.
284 11 OCT F-36 N.D. N.D. 157.0 71.2 N.D. N.D.
285 12 OCT F-35 149.5 67.8 156.8 71.1 N.D. N.D.
286 13 OCT F-34 147.0 66.7 157.1 71.3 148.3 67.2
287 14 OCT F-33 146.5 66.5 158.3 71.8 148.5 67.4
288 15 OCT F-32 146.0 66.2 159.5 72.3 148.8 67.5
289 16 OCT F-31 149.5 67.8 158.5 71.9 149.0 67.6
290 17 OCT F-30 148.3 67.2 156.6 71.0 149.0 67.6
291 18 OCT F-29 146.8 66.6 157.3 71.3 149.5 67.8
292 19 OCT F-28 146.3 66.3 156,5 71.0 150.0 68.0
293 20 OCT F-27 148.5 67.4 158.3 71.8 149.3 67.7
294 21 OCT F-26 148.0 67.1 158.8 72.0 149.0 67.6
295 22 OCT F-25 148.3 67.2 159.8 72.5 149.5 67.8
296 23 OCT F-24 148.0 67.1 157.5 71.4 149.8 67.9
297 24 OCT F-23 149.0 67.6 158.0 71.7 149.0 67.6
298 25 OCT F-22 148.3 67.2 158.8 72.0 149.0 67.6
299 26 OCT F-21 149.0 67.6 157.5 71.4 149.5 67.8
300 27 OCT F-20 149.0 67.6 157.0 71.2 149.5 67.8
301 28 OCT F-19 150.0 68.0 157.5 71.4 149.3 67.7
302 29 OCT F-18 149.5 67.8 156.8 71.1 149.0 67.6
303 30 OCT F-17 148.8 67.5 157.3 71.3 148.5 67.4
304 31 OCT F-16 149.3 67.7 157.3 71.3 149.3 67.7
305 1 NOV F-15 148.3 67.2 157.8 71.6 149.0 67.6
306 2 NOV F—14 149.3 67.7 156.5 71.0 148.3 67.2
307 3 NOV F-13 149.8 67.9 157.0 71.2 148.5 67.4
308 4 NOV F-12 149.3 67.7 157.5 71.4 149.0 67.6
309 5 NOV F-11 150.3 68.2 157.5 71.4 148.5 67.4
310 6 NOV Frio 150.0 68.0 158.0 71.7 149.3 67.7
311 7 NOV ,F -9 150.0 68.0 158.0 71.7 149.5 67.8
312 8 NOV F -8 150.3 68.2 159.3 72,2 150.0 68.0
313 9 NOV F -7 . 149.3 67.7 158.0 71.7 149.8 67.9
314 10 NOV F -6 150.3 68.2 157.8 71.6 148.8 67.5
315 11 NOV F -5 150.0 68.0 156.5 71.0 148.0 67.1
316 12 NOV F -4 151.0 68.5 157.0 71.2 149.0 67.6
317 13 NOV F -3 150.0 68.0 157.3 71.3 149.5 67.8
318 14 NOV F -2 149.5 67.8 158.0 71.7 149.0 67.6
319 15 NOV F -1 150.0 68.0 157.0 71.2 147.8 67.0
320 16 NOV 1 149,8 67,9 157.0 71,2 149,0 67.6
120.
INFLIGHT: (Contd.) CARR GIBSON POGUE
DOY DATE MD lb. Kg. lb. Kg. lb. Kg.
1 1 JAN 47 148.4 67.3 151.8 68.9 144.9 65.7
2 2 JAN 48 147.6 67.0 151.3 68.6 144.2 65.4
3 3 JAN 49 149.8 67.9 151.7 68.8 144.2 65.4
4 4 JAN 50 148.9 67.5 153.0 69.4 144.6 65.6
5 5 JAN 51 148.9 67.5 151.2 68.6 143.7 65.2
6 6 JAN 52 149,5 67.8 151.3 68.6 143.5 65.1
7 7 JAN 53 148.6 67.4 152.2 69.0 144.5 65.6
8 8 JAN 54 149.2 67.7 153.5 69.6 145.0 65.8
9 9 JAi; 55 149.3 67.7 151.3 68.6 145.4 66.0
10 10 JAN: 56 148.3 67.3 150.0 68.0 144.2 65.4
11 11 JAN 57 148.6 67.4 152.7 69.3 145.4 65.9
12 12 JAN 58 149.8 68.0 153.6 69.7 145.6 66.0
13 13 JAN 59 149.4 67.8 152.2 69.0 145.2 65.8
14 14 JAN 60 149.0 67.6 151.6 68.8 145.8 66.1
15 15 JAN 61 149.5 67.8 151.7 68.8 146.0 66.2
16 16 JAN 62 149.5 67.8 152.3 69.1 146.5 66,4
17 17 JAN 63 149.4 67.8 152.6 69.2 146.1 66.3
18 18 JAN 64 149.5 67.8 152.6 69.2 145.2 65.8
19 19 JAN 65 149.4 67.7 153.4 69.6 144.8 65.7
20 20 JAN 66 149.6 67.9 153.4 69.6 145.6 66.0
21 21 JAN 67 149.0 67.6 152.2 69.0 145.8 66.1
22 22 JAN 68 149.5 67.8 153.1 69.5 145.3 65.9
23 23 JAN 69 149.2 67.7 152.2 69.0 144.8 65.7
24 24 JAN 70 150.6 68.3 151.8 68.9 146.9 66,6
25 25 JAN 71 150.1 68.1 152.9 69.3 146.1 66.3
26 26 JAÎT 72 149.1 67.6 152.0 68.9 146.1 66.3
27 27 JAN 73 149.3 67.7 154.4 70.0 145.8 66.2
28 28 JAN 74 149.2 67.7 154.2 69.9 145.5 66.0
29 29 JAN 75 148.4 67.3 154.4 70.0 145.8 66.1
30 30 JAN 76 148.6 67.4 153.6 69.7 146.7 66.5
31 31 JAN 77 148.7 67.4 152.8 69.3 145.9 66,2
32 1 FEB 78 149.8 67.9 153.9 69.8 147.1 66.7
33 2 FEB 79 150.1 68.1 154.1 69.9 145.9 66.2
34 3 FEB 80 149.1 67.6 153.7 69.7 146.4 66,4
35 4 FEB 81 148.9 67.5 153.8 69.8 146.9 66,6
36 5 FEB 82 148.8 67.5 154.0 69.9 146.9 66.6
37 6 FEB 83 148.6 67.4 152.7 69.3 146.4 66,4
38 7 FEB 84 147.9 67.1 152.8 69.3 146.9 66,6
39 8 FEB R+ 0 149.7 67.9 153.8 69.8 145.9 66.2
120a.
INFLIGHT: CARR GIBSON POGUE
DOY DATE MD lb. Kg. lb- Kg. lb. Kg.
320 16 NOV 1 149.8 67.9 157.0 71.2 149.0 67.6
321 17 NOV 2 N.D. N.D. N.D. N.D. N.D. N.D.
322 18 NOV 3 147.1 66.7 . 156.0 70.8 144.8 65.7
323 19 NOV 4 147.8 67.0 155.4 70.5 145.4 65.9
324 20 NOV 5 147.9 67.1 155.5 70.5 144.2 65.4
325 21 NOV 6 147.9 67.1 155.3 70.4 144.4 65.5
326 22 NOV 7 147.9 67.1 154.7 70.2 144.0 65.3
327 23 NOV . ; 8 148.3 67.3 154.6 70.1 145.1 65.8
328 24 NOV 9 147.5 66.9 153.8 69.8 143.0 64.9
329 25 NOV 10 147.9 67.1 153.3 69.5 144.6 65.6
330 26 NOV 11 148.1 67.2 152.0 69.0 143.6 65.1
331 27 NOV 12 147.3 66.8 152.7 69.3 143.7 65.2
332 28 NOV 13 148.4 67.3 153.0 69.4 144.6 65.6
333 29 NOV 14 147.5 66.9 153.5 69.6 144.0 65.3
334 30 NOV 15 148.6 67.4 153.6 69.7 144.6 65.6
335 1 DEC ' 16 148.1 67.2 154.1 69.9 144.8 65.7
336 2 DEC 17 148.2 67.2 153.4 69.6 145.4 65.9
337 3 DEC 18 147.7 67.0 153.3 69.5 145.0 65.8
338 4 DEC 19 148.4 67.3 152.2 69.0 145.6 66.0
339 5 DEC 20 148.4 67.3 153.0 69.4 144.8 65.7
340 6 DEC 21 148.4 67.3 152.3 69.1 144.7 65,6
341 7 DEC 22 148.7 67.4 152.3 69.1 145.3 65.9
342 8 DEC 23 148.7 67.4 151.9 68.9 145.0 65.8
343 9 DEC . 24 149.2 67.7 152.2 69.0 144.6 65,6
344 10 DEC 25 149.1 67.6 151.5 68.7 144.6 65,6
345 11 DEC 26 149.7 67.9 153.8 69.8 145.3 65.9
346 12 DEC 27 148.8 67.5 152.2 69.0 145.0 65.8
347 13 DEC 28 149.5 67.8 152.4 69.1 145.2 65.9
348 14 DEC 29 148.9 67.5 152.7 69.3 144.2 65.4
349 15 DEC 30 148.6 67.4 152.3 69.1 144.3 65.7
350 16 DEC 31 149.2 67.7 152.4 69.1 144.5 65.5
351 17 DEC 32 148.8 67.5 152.4 69.1 144.3 65.5
352 18 DEC 33 149.3 67.7 152.4 69.1 144.8 65.7
353 19 DEC 34 148.7 67.4 151.6 68.8 145.4 66.0
354 20 DEC 35 149.4 67.8 152.0 69.0 145.6 66,0
355 21 DEC 36 149.4 67.7 151.3 68.6 145.7 66,1
356 22 DEC 37 149.4 67.7 151.7 68.8 146.0 66.2
357 23 DEC 38 148.8 67.5 151,9 68.9 145.0 65.8
358 24 DEC 39 148.0 67.1 152.5 69.2 145.4 65.9
359 25 DEC 40 147.8 67.0 151.3 68.6 145.6 66,0
360 26 DEC 41 149.1 67.6 151.2 68.6 145.3 65.9
361 27 DEC 42 149.4 67.7 153.0 69.4 145.4 66.0
362 28 DEC 4.3 149.6 67.9 152.4 69.1 146.0 66.2
363 29 DEC 44 149.4 67.8 151.5 68.7 144.9 65,7
364 30 DEC 45 149.6 67.9 151.9 68.9 145.3 65,9
365 31 DEC 46 149.2 67.7 151.3 68,6 145.8 66,1
121.
POSTFLIGHT; CARR GIBSON POGUE
DOY DATE MD lb. Kg. lb. Kg. lb. Kg.
R+0 1st SHIPBOARD WT. 149.5 67.8 151.3 68.6 145.8 66.1
40 9 FEB R+ 1 148.0 67.1 153.0 69.4 147.3 66.8
41 10 FEB R+ 2 149.8 67.9 154.5 70.1 147.8 67.0
42 11 FEB R+ 3 149.0 67.6 156.5 71.0 149.0 67.6
43 12 FEB R+ 4 149.8 67.9 156.0 70.8 148.5 67.4
44 13 FEB R+ 5 151.0 68.5 156.8 71.1 147.8 67.0
45 14 FEB R+ 6 150.8 68.4 158.0 71.7 148.5 67.4
46 15 FEB R+ 7 150.8 68.4 157.8 71.6 149.8 67.9
47 16 FEB R+ 8 N.D. N.D. 156.5 71.0 149.3 67.7
48 17 FEB R+ 9 150.8 68.4 156.8 71.1 149.8 67.9
49 18 FEB R+10 150.5 68.3 158.3 71.8 147.8 67.0
50 19 FEB R+11 151.8 68.8 158.0 71.7 148.8 67.5
51 20 FEB R+12 151.3 68.6 157.8 71.6 149.0 67.6
52 21 FEB R+13 151.3 68.6 158.3 71.8 148.8 67.5
53 22 FEB R+14 151.5 68.7 157.5 71.4 149.0 67.6
54 23 FEB R+15 151.8 68.8 157.3 71.3 148.8 67.5
55 24 FEB R+16 151.0 68.5 157.0 71.2 149.0 67.6
56 25 FEB R+17 151.3 68.6 158.0 71.7 149.3 67.7
57 26 FEB R+18 150.8 68.4 157.5 71.4 148.3 67.2
58 27 FEB R+19 149.8 67.9 157.0 71.2 150.0 68.0
59 28 FEB R+20 152.0 68.9 159.8 72.5 152.8 69.3
60 1 MAR R+21 153.5 69.6 157.5 71.4 152.8 69.3
61 2 MAR R+22 153.5 69.6 159.3 72.2 153.0 69.4
62 3 MAR R+23 151.0 68.5 160.3 72.7 154.5 70.1
63 4 MAR R+24 151.8 68.8 162.5 73.7 153.0 69.4
64 5 MAR R+25 151.3 68.6 160.5 72.8 153.5 69.6
65 6 MAR R+26 152,0 68.9 160.5 72.8 154.0 69.9
66 7 MAR R+27 153.0 69.4 159.0 72.1 154.0 69.9
67 8 MAR R+28 152.5 69.2 N.D. N.D. 153.5 69.6
68 9 MAR R+29 152,0 68.9 N.D. N.D. 155.0 70.3
69 10 MAR R+30 152.5 69.2 162.5 73.7 154.0 69.9
70 11 MAR R+31 152.5 69.2 163.5 74.2 153.0 69.4
71 12 MAR R+32 152.0 68.9 161.0 73.0 153.5 69.6
72 13 MAR R+33 151.3 68,6 162.8 73.8 153.8 69.7
73 14 MAR R+34 152.8 69.3 163.5 74.2 155.0 70.3
74 15 MAR R+35 151.8 68.8 162.8 73.8 154.0 69.9
75 16 MAR R+36 151.0 68.5 161.0 73.0 156.3 70.9
76 17 MAR R+37 151.5 68.7 163.5 74.2 157.5 71.4
77 18 MAR R+38 154.8 70.2 163.0 73.9 155.8 70.6
78 19 MAR R+39 154.3 70.0 N.D. N.D. 154.0 69.9
79 20 MAR R+40 152.8 69.3 N.D. N.D. N.D. N.D.
80 21 MAR .R+41 152.5 69.2 N.D. N.D. N.D. N.D.
81 22 MAR R+42 151.0 68.5 N.D. N.D. 155.3 70.4
82 23 MAR R+43 151.0 68.5 N.D. N.D. 155.0 70.3
83 24 MAR R+44 153.3 69.5 N.D. N.D. N.D. N.D.
84 25 MAR R+45 155.3 70.4 N.D. N.D. N.D. N.D.
85 26
Prepared
M/\R R+46 
by Dr. M, W.
152.5
Whittle
69.2 N.D. N.D. N.D. N.D.
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Biostereometrics is the measurement and the mathematical de­
scription of the three-dimensional form of biological objects. 
Stcreophotogrammetry was used to derive the Cartesian coordi­
nates of numerous points on the body surface of the Skylab 
crewmen, both before and after flight, on all three Skylab mis­
sions. Mathematical analysis of the coordinate description allows 
the computation of surface area and volume of the body, as well 
as the volume of body segments, and the area and shape of cross 
sections. Loss of body weight in the first two Skylab flight crews 
was accompanied by comparable loss of v-jlume and little change 
in density. Volume loss was divided about equally between the 
trunk and the legs; however, because the volume of the legs is 
less than that of the trunk, this finding represented a greater 
proportional volume loss in the legs. Comparison of cross- 
sectional areas suggests that the calf undergoes shrinkage to a 
greater extent than does the thigh. The suggested interpretation 
of these changes is that, during flight, a reduction in bulk of 
many of the body tissues occurs. This reduction is probably 
caused, at least in part, by disuse atrophy of skeletal muscles in 
the absence of gravity. The atrophy is, lessened to some extent
by the in-flight exercise program. The stereoscopic images of the 
crewmen form a permanent archival record of body form on 
which more detailed measurements may be made in the future.
"O lOSTEREOM ETRICS is the science of measuring, 
and describing in mathematical terms, the three- 
dimensional form of biological objects. An extensive 
background to the subject has been given by Herron (1 ) .  
Exposure to weightlessness results in a dramatic change 
in the patterns of muscular activity in the human body, 
insofar as they control posture and are responsible for 
locomotion. These changes in muscular activity might be 
expected to result in changes in the bulk of particular 
muscle groups and in the overall energy consumption of 
the body, which, unless accompanied by a compensating 
change in food intake, would cause a change in body fat. 
Biostereometric analysis enables changes in muscle bulk 
to be measured and, by examining those areas of the
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TABLE I. DIFFERENCE IN REGIONAL AND TOTAL VOLUME, AND 
BODY WEIGHT, BETWEEN MEAN PREFLIGHT AND FIRST POSTFLIGHT 
DETERMINATIONS.
CREWMAN
VOLUME IN LITERS
7
WEIGHT 
• KgARMS HEAD & TRUNK LEGS TOTAL BODY
CDR -0.10 -2.13 -0.81 -3.03 ■ -4 .50
SPT +  0.20 -1 .58 -0 .94 -2 .32 -3 .66
PLT -0.59 -1 .82 -1 .42 -3.83 -3.93
MEAN -0.16 -1 .84 -1 .06 -3 .06 -4 .03
body with fat deposits, enables general conclusions to be 
drawn about changes in body fat.‘
M ATERIALS A N D  METHODS
The biostereometric measurements of the Skylab crew­
men were made by four-camera stereophotogrammetry, 
during the immediate preflight and postflight periods. 
Photographs were taken of the second Skylab (SL -3) 
crew 31, 14, and 5 d prior to flight, 1 and 31 d after re­
covery. The subjects were weighed within a few minutes 
of taking the photographs.
The layout of the apparatus is shown in Fig. 1. The 
subject stands between two control stands, which provide 
dimensional information in the three orthogonal axes. 
H e is photographed simultaneously by four cameras—  
two in front and two behind. The subject is nude except 
for an athletic supporter and a skullcap to press his hair 
down. To minimize variations in chest volume, photo­
graphs are taken in maximal forced exhalation. Between 
each pair of cameras is a strobe-projector which, through 
a focusing lens, projects a pattern of lines onto the 
subject’s skin making it easier to visualize during the 
subsequent plotting process. The cameras are modified 
wide-angle Hasselblads, using fine-grain glass plates, 
for dimensional stability of the image. Duplicate sets 
of plates are exposed to insure against breakage or 
camera malfunction. Since the equipment is portable, 
photographs were taken both at Johnson Space Center 
and on the recovery ship. After development the plates 
are analyzed on a stereoplotter, which derives the three- 
dimensional coordinates of between 3,000 and 5,000  
points on the body surface, punching them on IBM cards 
for subsequent computer analysis. The computer pro­
gram derives area, shape, and perimeter of between 80 
and 100 sections of different parts of the body, and
LAYOUT OF 
STEREOPHOTOGRAMMETRY APPARATUS
. , C O N T R O L
^  S T A N D
C A M E R A
STROBE
PRO JE CTO R
SUBJECT
[Q — j- 
I l  > 5 0  cm 
^
volume and surface area of various segments of the body 
and of the body as a whole.
RESULTS
Fig. 2 is a comparison between the mean preflight and 
the first postflight determination of weight and volume of 
the three astronauts. Density for all measurements is 
within the range 0.98 to 1.04. This is less than the normal 
range of density (1 .02 to 1.10) derived from hydrostatic 
weighing or gas displacement (2 ) ,  because the volume 
figure, as well as the residual lung volume, includes the 
volume of air enmeshed in the hair and the volume of 
those areas which cannot be visualized by the cameras—  
the axillae and perineum. These additional volumes 
should be reasonably reproducible from one measure­
ment to another on the same subject except for the hair 
volume, which is probably the largest single source of 
error. It is unrealistic to calculate the density of the tissue 
lost during the course of the flight, because small errors 
in the volume determination would lead to impossible 
values for tissue density. The changes in weight and 
volume' were of similar magnitude and the apparent 
■ changes in density are probably not significant.
Table I gives differences between the mean preflight 
and first post-flight measurement of regional and total 
body volume and body weight. It is difficult to reproduce 
the ‘cu toff plane between the arms and the trunk, so 
that the arm volumes are subjected to considerable ran-
90
85
80
DENSITY 0.99
75
VOLUME,
LITERS
DENSITY 1.04
70
CREWMEN:
65 O CDR 
□ SPT 
A PLT60
85 908070 7555 60 65
Fig. I. Layout of sleieophologranmieLry apparatus.
WEIGHT, kg
'Fig. 2. Comparison between mean preflight and first postflight 
determinations o f total body weighs vninn-*
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dom variation, and there is no statistically significant 
difference between preflight and postflight measure­
ments. The loss of volume from the legs, 1.06 1, rep­
resents a greater proportional change than the 1.84-1 
loss from the head and trunk, a pattern that has been 
seen in all the Skylab astronauts.
Fig. 3 is a typical plot of the cross-sectional area of 
the body measured against distance from the floor. The 
area beneath the curve represents volume. The dif­
ferences between pre- and postflight measurements in 
the regions of the head, shoulder, and arms result from 
differences in posture. Marked loss of volume is seen in 
the abdomen, buttocks, and calves, and a less striking 
loss in the thighs. The absolute loss of volume was of 
similar magnitude in the calf and thighs, although the 
much smaller dimensions of the calf resulted in a much 
greater proportional loss, and a greater change in cross- 
sectional area, as illustrated in Fig. 4.
Examination of cross sections of the trunk reveals a 
moderate loss of bulk in the paraspinal mucsles at all 
levels and a rearward displacement of the anterior ab­
dominal wall. The buttocks show a small, evenly dis­
tributed loss of bulk.
DISCUSSION
With very few exceptions, astronauts returning from 
space flight have been found to weigh less than they did 
at the time of launch. This loss has been ascribed to 
three possible mechanisms: to loss of fat from inadequate 
caloric intake; to loss of muscle through partial atrophy; 
or to loss of fluid from the removal of the gravitational 
pooling of blood and tissue fluid. The changes in body 
form observed in the present study are suggestive of a 
mixed loss of fat, muscle, and fluid. The time-course of 
the recovery from the immediate postflight changes was 
studied on the final Skylab mission, and demonstrated 
that about 2 /3  of the loss from the abdomen and legs 
could be ascribed to loss of fluid, which was rapidly re­
placed on return to a gravitational field. The remainder
of the loss from the legs was slower to recover, and 
probably represented partial atrophy of muscle due to 
the relative disuse in the absence of gravity. The arms 
were the major/means of locomotion around the space­
craft and the legs were only used to any extent during the 
exercise period on the bicycle ergometer. The bicycle is a 
better stressor of the thigh muscles than of the calf, which 
probably explains the relatively greater loss of volume 
from the calf. The loss of volume from the buttocks is 
probably mainly due to a loss of fat, whereas the ab­
dominal losses probably represent the loss of both fluid 
and fat. The loss of bulk in the paraspinal muscles is also 
reflected in the reduction in volume of the chest and 
abdomen.
CONCLUSIONS
Biostereometric analysis of body form on the second 
Skylab mission reveals that the loss in weight experi­
enced by all three astronauts was accompanied by a simi­
lar loss in volume. The loss of volume was distributed 
between the trunk and the legs, the latter showing a 
greater proportional loss. The loss of volume probably 
results from a mixed loss of fluid, (seen principally in the 
abdomen and legs) of muscle, (seen mainly in the legs 
and paraspinal regions) and of fat (seen mainly in the 
abdomen and buttocks).
Detailed analysis of the coordinate data on body form 
is only partially complete and much more detailed con­
clusions may be possible in the future. In contradistinc­
tion to any other form of anthropometry, the stereo­
scopic photographs of the Skylab astronauts are a per­
manent, detailed record of body form, which may be re­
examined at some future date to answer new questions 
or to take advantage of the increased accuracy resulting 
from advances in technique.
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PREFLIGHT A N D  POSTFLIGHT VOLUME 
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Fig. 3. Preflight and postflight volume distribution curves; 
5PT SL-3.
COMPARISON OF PREFLIGHT A N D  POSTFLIGHT 
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Fig. 4. Comparison between preflight and postflight sections 
of calf and thigh; PLT SL-3.
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B io stereo m etric  A nalysis o f B o d y  F o rm
M ic h a e l  W . W h it t l e ,» R o b in  H e r e o n ,» a n d  J a im e  Cu z z i »
Bi o s t e r e o m e t r i c s  is the science of measuring, and describing in mathematical terms, the three-dimensional form of biological objects. An 
extensive background to the subject has been given 
by Herron (ref. 1). Exposure to weightlessness 
results in a dramatic change in the patterns of 
muscular activity in the human body insofar as. 
they control posture and are responsible for loco­
motion. These changes in muscular activity might 
be expected to result in changes in the bulk of 
particular muscle groups, and in the overall 
energy consumption of the body, which, unless 
accompanied by a compensating change in food in­
take, would cause a change in body fat. Biostereo­
metric analysis enables changes in muscle bulk to 
be measured, and by examining those areas of the 
body containing fat deposits, enables general con­
clusions to be drawn about changes in body fat.
Method
The biostereometric measurements of the Skylab 
crewmen were made by four-camera stereophoto­
grammetry, during the immediate preflight and 
postflight periods. Photographs were taken of the 
first (Skylab 2) crew 39, 14, and 2 days prior to 
launch day, on recovery day, and 19 days after 
recovery. The second (Skylab 3) crew was photo­
graphed 31, 14, and 5 days prior to launch day, 
and 1 and 31 days after recovery. The final (Sky­
lab 4) crew was photographed 35, 21, 10, and 6 
days prior to launch day, and on recovery day, and 
1, 4, 30, and 68 days after recovery. The subjects
'  N A SA  Lyndon B. Johnson  S pace C enter, H ouston, 
T exas.
*■ T exas In s titu te  fo r  R ehab ilita tion  an d  R esearch, 
H ouston, T exas.
were weighed within a few minutes of taking the 
photographs.
The layout of the apparatus is shown in figure 
22-1. The subject stands between two control 
stands, which provide dimensional infomiation in 
the three orthogonal axes. He is photographed 
simultaneously by two cameras in front, and two 
cameras behind. The subject is nude except for 
an athletic supporter, and a skullcap to press his 
hair down. To minimize variations in chest volume, 
photographs are taken in maximal forced exhala­
tion. Between each pair of cameras is a strobe- 
projector, which through a focusing lens projects 
a pattern of lines onto the subject’s skin, making it 
easier to visualize during the subsequent plotting 
process. The cameras are modified wide-angle 
Hasselblads using fine-grain glass plates, for di­
mensional stability of the image. Duplicate sets 
of plates are exposed to insure against breakage 
or camera malfunction. The equipment is portable, 
and photographs were taken at Johnson Space 
Center, Kennedy Space Center, and on the recov­
ery ships. After development the plates are anal­
yzed on a stereoplotter, which derives the 
three-dimensional coordinates of thousands of 
points on the body surface, punching them on IBM 
cards for subsequent computer analysis. The com­
puter program derives area, shape, and perimeter 
of between 80 to 100 sections of different parts of 
the body, and volume of any segment of the body, 
and of the body as a whole.
Results and Discussion
. Figure 22-2 compares measurements of leg cir­
cumference derived from stereometric analysis 
with tape measure circumferences obtained on the 
same day (ch. 21). The pattern seen in figure 22-2 
is typical of all the comparisons which have been
198
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Strobe
projector
Control
standI—O —ICaiinera
Subject 50 cm
h -O H
2 m
F igure 2 2 -1 .— Layout o f stereophotogrammetry apparatus.
made between the two methods, the leg circum­
ference measured by stereometric techniques ex­
ceeding that by the tape measure by 10 to 20 
millimeters. There are two probable causes for 
this difference. Firstly, the stereoscopic photo­
graphs are made with the subject standing, where­
as the tape measurements are made with the 
subject supine ; the leg volume standing would
— Stereophotos
Tape measure60 r~ Left
Thigh Calf AnkleKnee ,
60 Right
Thigh AnkleCalfKnee
4010 50 60 703020
Distance from arbitrary origin, cm
F igure 22—2.— Comparison between tape measure and 
stereom etric circum ference measurements, Commander, 
Skylab 4 , 10 days prefligbt.
exceed that supine by the volume of blood and 
interstitial fluid brought into the leg under the 
influence of gravity. Secondly, stereometric analy­
sis, being a noncontact method, does not involve 
the compression of tissues, however small, which 
results from the use of a tape measure. The 10 to 
20 millimeter discrepancy between the methods 
represents a difference in limb volume of .250 to 
500 milliliters, which is entirely reasonable for 
the increased volume of blood and tissue fluid in 
the leg after transferring from the supine to the 
standing position. These differences would in no 
way invalidate comparisons made at different 
times on a single subject using the same technique.
Figure 22-3 is a comparison between the mean
85 r
75
Density 0.98 Density 1.04.1
II
Skylab 2 Skylab 3 Skylab 4
Commander •
Scientist Pilot b
Pilot A
55 60 65 70 80 85 9075
Weight, kg
F igure 2 2 -3 .— Comparison between mean prefligbt and 
first postfligbt body weight and volum e.
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preflight weight and volume of the nine Skylab 
astronauts and the flrst postflight determination. 
Density for all measurements is within the range 
0.98 to 1.04. This is less than the normal range 
of density (1.02 to 1.10) derived from hydrostatic 
weighing or gas displacement (ref. 2), because 
the volume figure includes, as well as the residual 
lung volume, the volume of air enmeshed in the 
hair, and the volume of those areas which cannot 
be visualized by the cameras—the axillae and 
perineum. These additional volumes should be 
reasonably reproducible from one measurement 
to another on the same subject, except for the hair 
volume, which is probably the largest single source 
of error. The Commander and Pilot of the final 
(Skylab 4) crew grew beards during the course 
of the flight, which again will have added slightly 
to their measured body volumes. I t is unrealistic 
to calculate the density of the tissue lost during 
the course of the flight, as small errors in the 
volume determination would lead to impossible 
values for tissue density. Two of the crewmen— 
the Commander and Pilot on Skylab 4—showed 
little or no weight change, although a redistribu­
tion of body volume did occur. Generally speaking, 
the changes in weight and total body volume were 
of similar magnitude, and the apparent changes 
in density are probably not significant.
Table 22-1 gives differences between the mean 
preflight and first postflight measurements of 
regional and total body volume, and body weight. 
It is difficult to reproduce the “cutoff” plane be­
tween the arms and the trunk, so that the arm 
volumes are subjected to considerable random 
variation, as is evidenced by the high standard 
deviation. There is no statistically significant dif­
ference in mean arm volume between preflight and 
postflight measurements. The mean losses of vol­
ume of 1.2 liters in the head and trunk, and 1.3 
liters in the legs, are significantly different from 
zero (P<0.005). The mean preflight volume of 
the head and trunk is 45.8 liters, and that of the 
legs 18.9 liters, so that the postflight change in 
volume is proportionately much greater in the 
legs.
The head and trunk segment of the body con­
tains the extensively fatty areas of the buttocks 
and abdomen. It is probable tha t the volume 
changes seen in this body segment are due more 
to changes in fat than to changes in muscle, 
whereas the legs contain much more muscle than 
fat, except in the grossly obese, and are more sen­
sitive to changes in muscle bulk. Both regions of 
the body would be affected by changes in body 
fluid.
Figure 22-4 is a typical plot of the cross sec­
tional area of the body measured against distance 
from the floor. The area beneath the curve repre­
sents volume. The differences between preflight 
and postflight measurements in the regions of the 
head, shoulder, and arms are slight, and result 
from differences in posture. Marked loss of vol­
ume is seen in the abdomen, buttocks, and calves, 
and a less striking loss in the thighs. The abdomi­
T a b l e  22-1.— D ifferences B ehveen  M ean P refligh t and F irs t P o stfiig h t 
D eterm irm tions of R egiom d and Total B ody Vohtme, and B o d y  W eigh t
Skylab
mission Crewman
Volume (liters)
W eight
(hg)Arm s Head and trunk Legs Total body
2 Commander -  0.03 -  0.63 -  1.00 — 1.66 -  2.56
(R + 0) Scientist Pilot — 0.54 -  1.51 -  1.80 -  3.84 -  3.81
Pilot — 0.86 -  1.71 -  2.25 -  4.81 -  5.17
3 Commander -  0.10 -  2.13 -  0.81 -  3.03 — 4.50
(R + 1) Scientist Pilot + 0.20 -  1.58 -  0.94 -  2.32 -  3.66
Pilot -  0.59 -  1.82 -  1.42 — 3.83 -  3.93
4 Commander + 0.22 +  1.50 -  0.84 +  0.87 -  0.18
(R + 0) Scientist Pilot — 0.33 -  2.52 -  1.50 -  4.36 -  2.49
Pilot + 0.36 — 0.33 -  1.03 -  1.00 -  0.94
Mean -  0.19 -  1.19 -  1.29 -  2.66 -  3.03
SD 0.42 1.22 0.49 1.83 1.64
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nal area shows a flattening of the abdomen, and 
the gluteal region a reduction in volume of the 
buttocks, both probably resulting predominantly 
from loss of fat. Loss of volume from the buttocks 
was not observed in the Commander and Pilot on 
Skylab 4, who lost very little weight in the course 
of the flight ; all crewmen lost volume from the ab­
domen, although the loss from this area was much 
greater in those who showed" significant weight 
loss. The striking reduction in leg volume immedi­
ately postflight was investigated in more detail on 
the final (Skylab 4) mission, in an attempt to elu­
cidate how much of it resulted from partial muscle 
atrophy, due to relative disuse of the legs in the 
weightless environment, and how much repre­
sented a purely temporary dehydration. The abso­
lute loss of volume from the thigh and calf was of 
similar magnitude, although the much smaller 
dimensions of the calf resulted in a much greater 
proportional loss and a greater change in cross 
sectional area, as illustrated in figure 22-5.
Table 22-11 gives the differences between the 
volume of thigh and calf postflight in the Skylab 
4 crewmen and the mean preflight value. On re­
covery day there was a deficit in the lower limbs of 
nearly 1000 milliliters, which had reduced by about 
a third by the following day, and had diminished 
to around 300 milliliters 8 days later. Both calf 
and thigh volume had returned to preflight values 
by the measurement made 30 days following re­
covery. I t is clear that at least part of the deficient 
volume must represent missing fluid, which is re­
placed within a day or two of recovery, but there 
is probably also a reduction in bulk of the tissues 
of the leg. If, as seems probable, this loss of tissue 
represents partial atrophy of the leg muscles due
Preflight
800 - I — —  Postflight
n 600 -
g 400 -
200 -
1.6 1.4 1.2 1.0 0.8 0.6 0.4 0.2 0
to relative disuse in zero-gravity, it would prob­
ably be restored fairly rapidly on return to Earth, 
so that the 300 milliliters deficit measured on day 
4 postflight may be an under estimate of the total 
leg muscle lost during the flight.
The mean loss of leg volume on recovery day 
was 1.68 liters for the Skylab 2 crew, and 1.12 
liters for the Skylab 4 crew. The mean loss on day 
1 postflight was 1.06 liters for the Skylab 3 crew, 
and 0.77 liters for the Skylab 4 crew. Wliile it is
Preflight, F—5 
Postflight, R+1
Calf
I___I
2 cm
Thigh
0.33 m above floor 0.73 m above floor
F i g u r e  2 2 -5 .— Comparison between prefliglil and post- 
flight cross sections o f right calf and thigh, P ilot, Sky- 
lah 3.
T a b le  2 2 -1 1 .— D ijferences bettveen M ean P refligh t 
and F irs t Three P ost fligh t D eterm inations of 
Loiver Lim b Volum es (S kylab  U)
Figure 2 2 -4 .— Preflight and postflight volum e distribution. 
Scientist Pilot, Skylab 3.
Thigh (both legs) (liters)
Crewman
Post flight day
R + 0 R + 1 R +
Commander 
Scientist Pilot 
Pilot
-  0.37
-  0.69
-  0.34
-  0.35
-  0.40
-  0.35
-  0.14
-  0.14
-  0.09
Mean -  0.47 -  0.37 -  0.12
Calf (both legs) (liters)
Commander 
Scientist Pilot 
Pilot
-  0.41
-  0.58
-  0.46
-  0.12
-  0.47
-  0.34
-  0.17
— 0.22 
-  0.13
Mean -  0.48 -  0.31 -  0.17
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not possible directly to compare the Skylab 2 and 
Skylab 3 crews, there does appear to be a de­
crease in the loss of leg volume on succeeding 
missions. On the basis of these measurements, it 
seems likely th a t in-flight exercise, which was in­
creased on successive flights, may have acted in 
opposition to the postflight loss of leg volume. How 
much of this opposition is mediated by the pre­
vention of muscular atrophy, and how much by an 
effect on the cardiovascular system, and hence on 
body fluids, it is not possible to say.
Conclusions
Biostereometric analysis of body form on the 
nine Skylab astronauts, preflight and postflight, 
reveals a loss of volume of one to one and one-half 
liters from the legs, much of which is replaced 
during the first 4 days postflight. It is estimated
that about one third of this loss represents partial 
atrophy of the leg muscles due to relative disuse 
in zero-gravity, the remainder being due to a 
deficit in body fluid. Reduction in volume of the 
abdomen has been noted also, and this probably 
represents a small loss of body fluid, combined 
with a loss of body fat in all but two of the crew­
men. Difficulties in distinguishing between the 
upper aim  and the shoulder region have prevented 
any useful conclusions being drawn from the 
measurement of arm-volume.
In contradistinction to any other form of an­
thropometry, the stereoscopic photographs of the 
Skylab astronauts are a permanent detailed rec­
ord of body form, which may be reexamined at 
some future date to answer new questions, or to 
take advantage of the increased accuracy result­
ing from advances in technique.
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